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ABSTRACT
Common beans are widely utilized as a food source, yet are limited as a 
complete source of protein due to low levels of methionine, an essential amino acid 
for humans. A protein engineering strategy was developed to increase the methionine 
content of phaseolin, the primary seed storage protein in common beans.
The engineering strategy consists of three major parts. In the first part, a set 
of biophysical probes was developed to characterize the stability of wild-type and 
modified phaseolin proteins. I used absorbance, fluorescence emission, circular 
dichroism, and fluorescence polarization anisotropy to monitor phaseolin denaturation 
induced by urea, guanidinium chloride, /?H, and temperature. The protein denatured 
irreversibly at 65°C when dissolved in 6.0 M guanidinium chloride, indicating that 
phaseolin has exceptional structural stability.
In the second part, the complete three-dimensional structure of phaseolin was 
generated from a-carbon coordinates. This structure was used as a template to 
simulate modifications aimed at increasing the methionine content of phaseolin. Three 
types of modifications were tested: replacement of 10 variant hydrophobic residues 
with methionine in each of the /3-barrel structures, insertion of short methionine-rich 
sequences at surface exposed regions of the protein, and insertion of a 9 kd 
methionine-rich domain into the N-terminal hypervariable region of phaseolin.
In the last part, 24 mutant phaseolin cDNAs were constructed and expressed 
in E. coli to determine the effects of the mutations on the protein structure in vivo. 
Methionine enhancement ranged from 5 to 45 residues. Thermal denaturation of 
purified proteins demonstrated that significant modifications for methionine
enhancement in the /3-barrels did not alter the structural stability of the protein. In 
addition, protein denaturation was a reversible event, which allowed a thermodynamic 
analysis of protein stability.
The utilization of these strategies permits a thorough investigation of the 
effects of mutagenesis on phaseolin stability. Since mutant proteins with properties 
most similar to wild-type are likely to survive the process of accumulation in seeds, 





Utilization of Legumes as a Food Source
With over 650 genera and 18,000 species, the legume family represents the 
third largest family of the flowering plants (Smartt, 1990). Of the many species, only 
about 12 have been domesticated for utilization as a food source (Table I). However, 
these crops represent a major source of world-wide nutrition, second only to the cereal 
grains in total production and consumption (Hymowitz, 1987). The adaptability of 
legumes to a wide variety of growing conditions, coupled with reliable yields and 
ability to fix nitrogen, has led to their domestication in nearly every ecological zone.
Legumes produced for food consumption, by either direct or indirect means, 
are referred to as grain legumes. The grain legumes are generally divided into two 
classes: the oilseeds and the pulses (reviewed in Smartt, 1990). Oilseed crops are rich 
in extractable lipids (20-50%) and serve as an excellent source of vegetable oil. For 
example, soybeans are by far the worlds largest source of fat and oil (Hymowitz, 
1987). The pulses, on the other hand, refer to legumes that are cultivated largely for 
their protein content, which can account for 20 to 25% of the total mass of the seed.
The pulse seeds, which are low in sulfur-containing amino acids, serve as the 
natural complement for diets based on cereals such as wheat, maize, and rice, which 
are generally deficient in lysine. The utilization of both legume and cereal crops in 
human nutrition is highlighted by archeological evidence, which shows parallel 
domestication of legumes and cereals in ancient civilizations (Kaplan, 1965).
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Table 1.1. Scientific and Common Names of the Major Grain Legumes
Scientific Name Common Name
Arachis hypogaea Peanuts




Phaseolus lunatus Lima beans
Phaseolus vulgaris Common beans
Pisum sativum Peas
Vicia faba Broad beans
Vigna angularis Adzuki beans
Vigna radiata Mung beans
Vigna unguiculata Cow peas
FAO food balance sheets indicate that the total consumption of legumes varies 
by a considerable degree throughout the world. For example, northern European 
countries such as Sweden and Norway consume 3-7 grams/person/day, whereas 
Mexico, Brazil, and India consume 51, 68, and 71 grams/person/day, respectively. 
The United States consumes roughly 16 grams/person/day (reviewed in Aykroyd and 
Doughty, 1964, revised in 1982).
Legume consumption is higher in certain cultures for a variety of reasons. In 
some cases, legumes persist in the diet due to domestication in ancient civilizations. 
For example, pulses are widely used in Latin America today even though domesticated 
cattle and sheep thrive there. The usage of pulses can be traced back to the ancient 
civilizations of the Inca, Maya, and Aztec, upon which modem Latin America has 
been superimposed (reviewed in Smartt, 1990). The early Inca, Maya, and Aztec 
civilizations were nearly completely dependent on staple crops and legume protein 
sources since no animals were domesticated for meat.
However, in most modem civilizations, the dependence on plants as a source 
of protein is generally due to a lack of consumable animal protein. In some societies, 
cultural influences such as religion may prohibit the usage of cattle or other animals 
for food. This is commonly observed in India, where the Hindu religion holds that 
the cow is a sacred symbol, and is not to be slaughtered for food. In other cases, 
animals may simply be scarce or too costly for the society to produce. As a result, 
there is an apparent correlation between socio-economic status and the dependence on 
plant sources of protein. In general, developing countries are more dependent on
plant sources of protein than are developed countries. On average, developed 
countries obtain 46% of their protein from plants (U.S. 20-30%) whereas developing 
countries (over half of the world population) obtain approximately 80% from plants 
(Bodwell, 1987).
Properties of the Common Bean
Systematics and domestication of the common bean (Phaseolus vulgaris L.). 
There is a wealth of information concerning the systematics and domestication patterns 
of legume crops (reviewed in Smartt, 1990). The family of legume plants (the 
Leguminosae) is divided into three sub-families: the Caesalpinioideae, which contains 
some species that are used as ornamental trees or as a source of high quality wood; 
the Mimosoideae, which includes ornamental trees such as the popular mimosa trees; 
and the Papilionoideae, which contains all of the oilseed crops and pulses. The latter 
family also includes the forage crops such as clover and alfalfa. This sub-family is 
further divided into tribes and sub-tribes. The common beans belong to the tribe 
Phaseoleae and sub-tribe Phaseolinae.
Archeological evidence indicates that common beans were fully domesticated 
as early as 5,500 - 7,000 years ago. This evidence comes primarily from the 
recovery of dry beans from sites in both Peru and Mexico (Kaplan et al., 1973; 
Kaplan, 1981). More recent analysis using biochemical and breeding techniques has 
strongly suggested that there were at least two major, and possibly one minor, 
independent centers for the domestication of common beans (Debouck, 1986; Gepts
and Bliss, 1986). The two major centers include Middle America and the Andean 
region of South America.
Domesticated beans feature two types of plant morphology: the climbing type, 
which is more closely related to the wild, progenitor species, and a bush type, which 
has been produced primarily through breeding of the cultivated plants. The beans 
produced by these plants are eaten as dry beans or as mature, fleshy pods (French or 
string beans).
Common beans are currently ranked 13th among the major crops of the world 
in total protein production (Marks and Larkins, 1982). They are consumed in high 
quantities in regions of Central America, South America, Africa, and China (reviewed 
in Smartt, 1990). Their importance to human nutrition is highlighted by the fact that 
common beans serve as a major source of nutrition in some of the poorest societies 
in the world.
In Eastern Zaire, Uganda, Rwanda, and Burundi, the common bean has the 
exceptional status of a staple crop. Nutritional surveys conducted in the pulse- 
growing areas of Uganda have indicated that levels of common bean consumption can 
be as high as 100-150 grams/person/day. The consumption is so large in some 
regions that the common bean may account for up to 65 % of total caloric intake. The 
dependence on the pulse protein in these regions is due primarily to very limited 
sources of animal protein.
The protein content of grain legumes is approximately three times higher than 
that of the cereal grains (Smartt, 1990). However, the total worldwide production of
legumes as a protein source is preceded by the cereal grains wheat and maize 
(Hymowitz, 1987). The reluctance to cultivate legume crops has been attributed 
primarily to the low yields obtained as compared to the cereal grains.
Low yields in the grain legumes can be traced primarily to two sources 
(reviewed in Hymowitz, 1987). The first is the process of nitrogen fixation, in which 
the legume plant supplies carbon to the nodule forming Rhizobium bacteria. The 
second arises from the high level of photorespiration in legumes, which may account 
for 30% of the products generated by photosynthesis. This is particularly expensive, 
since photorespiration is in direct competition for the reaction that fixes atmospheric 
carbon into plant matter.
Therefore, in order for legumes to effectively compete with the production of 
cereal grains, mechanisms to increase plant yields must be sought. Alternatively, the 
quality of the legume seed protein could be improved, such that the legume seeds 
serve as a more complete source of nutrition.
Protein content o f common bean seeds. The seeds of pulse plants are rich in 
protein due to the accumulation of large amounts of reserve proteins, which serve as 
a source of reduced nitrogen for germinating seedlings (Higgins, 1984). The common 
bean is no exception, with nearly 25-30% protein content (Mosse and Pemollet, 
1983). However, the quality of the bean protein is limited due to low levels of sulfur- 
containing amino acids.
The seed storage proteins are grouped into separate classes based on their 
solubility characteristics. The four major classes of storage proteins include the
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albumins (water soluble), the globulins (salt soluble), the prolamines (alcohol soluble), 
and the glutelins (alkali soluble) (Higgins, 1984). The globulin protein fraction can 
be further divided by sedimentation analysis into a 7S fraction (the vicilins) and an 
1 IS fraction (the legumins). The protein content of the common bean seed is 
dominated by a single type of 7S vicilin protein referred to as phaseolin, which 
accounts for roughly half of the total protein within the seed (Sun et al., 1978).
Phaseolin is produced by a small multigene family (Talbot et al. , 1984), whose 
expression is tightly regulated by mechanisms of temporal and spatial control 
(Mutschler et al., 1980). Expression of phaseolin occurs almost exclusively within 
the cotyledons of developing seeds (Bliss and Brown, 1982). Phaseolin synthesis 
begins approximately 12 days after pollination (DAP) and peaks at approximately 26 
DAP (Sun et al., 1978).
Phaseolin gene expression has served as a model system for the analysis of the 
molecular mechanisms that govern temporal and spatial control. To this end, several 
groups have identified major positive and negative cis acting elements within the 
promoter regions of the phaseolin gene (Bustos et al., 1989, 1991a; Burow et al.,
1992). In addition, several tram-acting factors have recently been identified which 
interact specifically with elements located within the putative cis acting regions 
(Kawagoe and Murai, 1992).
Slight differences in the coding regions of the multigene family give rise to 
protein products with slightly different molecular mass and isoelectric charge (Brown 
et al., 1981b). The resulting polypeptides are referred to either as a-type phaseolins
(411-412 amino acids) or /8-type phaseolins (397 amino acids) (Hall et al., 1978; Hall 
et al., 1983). Phaseolin proteins are synthesized on the rough endoplasmic reticulum 
(ER) and are incorporated co-translationally into the lumen of the ER (Bollini and 
Chrispeels, 1979; Bollini et al., 1982). The newly synthesized proteins may interact 
with a molecular chaperone within the lumen of the ER, since it has recently been 
shown that nascent phaseolin proteins can be co-precipitated with a homolog of the 
mammalian 78 kd glucose-regulated protein (D’Amico et al., 1992).
After removal of the signal sequence, the protein is glycosylated at two 
positions on the protein structure. NMR data were used to define the structural 
characteristics of the sugar groups, which are both of the high-mannose type (Sturm 
et al., 1987). In addition, the mannose core can be modified to form a more complex 
glycan structure. Since the glycosylation pattern of each protein is not exactly the 
same, variations in glycosylation patterns contribute to the isoforms of phaseolin as 
detected by SDS-PAGE and isoelectric focusing analysis (Brown et al., 1981b).
The glycosylated proteins are assembled into trimers in the endoplasmic 
reticulum (Bollini and Chrispeels, 1978). The trimers are then exported via the golgi 
apparatus to the vacuole, where they accumulate as densely packed protein bodies 
(Baumgartner et al., 1980). The topogenic signals required for transport to the 
vacuole appear to be encoded in the conformational properties of the protein rather 
than discrete peptide sequences (reviewed in Chrispeels, 1991, and Nakamura and 
Matsuoka, 1993).
Vicilin proteins recovered from the protein bodies contain substantial amounts 
of smaller polypeptides, suggesting that additional processing occurs within the protein 
body matrix (Bollini and Chrispeels, 1978). Upon germination, the proteins are 
rapidly degraded by a thiol protease (Nielsen and Liener, 1984) and serve as a source 
of reduced nitrogen for the developing seedlings (Bollini and Chrispeels, 1978).
Antiphysiological compounds within common bean seeds. Although legume 
seeds are generally considered to be a "healthy" food source, they also contain a 
variety of antiphysiological compounds which can interfere with the process of 
digestion (reviewed in Salunkhe et ah, 1985). These compounds most likely served 
as a protective mechanism against predation of the protein-rich seeds prior to 
domestication.
The first group of compounds includes enzyme inhibitors. The classic example 
from this category is the Kunitz trypsin inhibitor (Kunitz, 1945), which combines with 
trypsin to form an inactive complex. The inactivation of trypsin within the digestive 
system results in hypertrophy of the pancreas. Since pancreatic enzymes such as 
trypsin and chymotrypsin are particularly rich in sulfur-containing amino acids, a 
hyperactive pancreas results in an increased demand for essential amino acids such as 
methionine. This may aggravate problems of malnutrition, particularly if the beans 
are being utilized as a primary source of protein.
In addition to the trypsin and chymotrypsin inhibitors, bean seeds are also 
known to contain inhibitors of a-amylase (Marshall and Lauda, 1975). Inhibition of 
this enzyme results in the underutilization of starches from the bean seed. In general,
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the inhibitors found in legume seeds are proteinaceous in nature. As a result, the 
digestibility of the seed can be greatly improved by cooking the beans for a sufficient 
time to denature the proteinase inhibitors. However, other factors such as phenolic 
compounds and phytates (which are not heat-labile) have also been found to have 
enzyme inhibitory activities.
A second class of antiphysiological substances found within legume seeds are 
called lectins (Bog-Hansen, 1981). These proteins, which are also called 
phytohemagglutinins, have a specific affinity for certain sugar molecules. Since most 
animal cells have carbohydrate moieties on the surface, the lectin proteins may bind 
to the cell surface and promote the agglutination of the cells. This effect is often 
toxic, and is particularly devastating to cells circulating in the blood stream.
Phytates, which are considered the primary storage form of phosphorous within 
the seed, have been found to decrease the availability of minerals (Erdman and 
Forbes, 1981). In addition, phytates interact with proteins, resulting in reduced 
protein solubility (Cheryan, 1980). This might alter functional properties of proteins 
that are involved with digestion and absorption of nutrients.
Legume seeds also contain flatulence-producing compounds. The raffinose 
family of oligosaccharides escapes digestion due to an absence of a -1,6-galactosidase 
activity in the mammalian digestive tract. These sugars are digested by the microflora 
in the large intestine, which results in the significant production of CQj, H2, and small 
amounts of methane (Wanger et al., 1977). This can result in severe gastric 
disturbance and discomfort.
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Other factors such as antivitamins and allergens contribute to the protective 
mechanisms of the plants (Pearlman, 1969). Many of these antiphysiological 
compounds can be removed by proper processing of the bean seeds. This includes 
soaking and cooking of the beans at high temperatures (reviewed in Salunkhe et al. , 
1985). However, even after cooking, in vitro and in vivo analysis has shown that the 
phaseolin reserve proteins are still fairly resistant to proteolysis (Deshpande and 
Nielsen, 1987; Deshpande and Damodaran, 1989; Sgarbieri et al., 1982). For 
example, the digestion of phaseolin in pig and rat feeding trials has shown that only 
57% of the uncooked protein is digested whereas 77% of the cooked protein is 
digested (Begbie and Ross, 1993; Domene and de Oliveira, 1993). This is much 
lower than proteolysis of animal derived protein such as casein, which shows 97% 
digestibility after heat treatment (Domene and de Oliveira, 1993). The low 
digestibility of the bean protein has been attributed primarily to the tertiary structure 
of the phaseolin protein (Ahn et al., 1991).
However, the primary factor that limits beans as a source of nutrition is that 
they are very low in the sulfur-containing amino acids cysteine and methionine (Evans 
and Bandemer, 1967). This is particularly problematic in societies that depend on 
legumes as a protein source, since methionine is an essential amino acid for humans. 
As a result, there has been tremendous interest by scientists throughout the world to 
develop techniques that might be used to increase the methionine content of bean 
seeds. The achievement of this goal would not only help to relieve the current
12
problems of malnutrition, but would also be a fundamental step towards the 
production of more efficient food sources for the twenty-first century.
Strategies for Increasing the Nutritional Quality of Crop Plants
Improvement of seed protein quality by breeding techniques. For centuries, 
plant breeders have been using traditional genetic strategies to improve the 
characteristics of crop plants. This is generally accomplished through selective 
breeding programs, in which large populations of plants are produced and screened 
for desired characteristics.
This strategy was used successfully to improve the nutritional quality of the 
maize seed protein (Mertz et al., 1964). The major seed storage proteins in maize are 
called zeins, which are prolamine type reserve proteins that are completely deficient 
in lysine. Notably, the other minor fractions of storage proteins such as the glutelin, 
globulins, and albumins are much higher in lysine content than the prolamine fraction. 
A selective breeding strategy was utilized to identify mutants with altered ratios of the 
storage protein fractions. In one particular mutant called opaque-2, a reduction of the 
prolamine fraction and resultant increase in the other fractions produced a seed kernel 
with 69% more lysine than the normal kernel (Mertz et al., 1964). However, this 
mutation also results in a kernel that is softer than a normal kernel, and thus is more 
susceptible to mechanical stress and pathogen invasion. Thus its usage as a crop plant 
is limited.
In the common bean, the phaseolin protein (7S globulin fraction) accounts for 
35 to 50% of the total protein in the seed (Sun et al., 1978). The glutelins contribute
20-30%, albumins 11-20%, and prolamines 2-4% (Ma and Bliss, 1978). The 
phaseolin fraction, however, contains 8.8 mg methionine/g protein while the glutelin 
and prolamines contain 19.9 and 15.5 mg methionine/g protein, respectively. Thus 
a similar scenario exists as in the maize plants, where the major seed storage protein 
fraction is lowest in the limiting essential amino acid.
Gepts and Bliss (1984) used a selective breeding strategy to produce mutant 
bean plants with decreased levels of the phaseolin fraction. However, their results 
revealed that decreases in phaseolin content resulted in lower levels of available 
methionine. This contrasts the results obtained in the cereals, where the limiting 
amino acid availability was increased through a decrease in the major storage protein 
fraction (Mertz et al., 1964; Shewry et al., 1980; Guiragossian et al., 1978). Thus, 
the authors concluded that phaseolin serves as a major source of available methionine 
in the seeds of the bean plants.
As a result, Delaney and Bliss (1991a and b) reversed the selective strategy to 
produce mutant plants that were higher in phaseolin content. Hybrid plants were 
produced that contained 54% higher levels of phaseolin than parental lines. However, 
analysis of variance between parental and second generation plants showed that the 
54% increase seems to be maximal, and that little gain in phaseolin content could be 
produced by screening additional progeny. Although the authors were successful in 
increasing the phaseolin content of the seeds, there was no amino acid analysis 
performed to demonstrate that increased levels of phaseolin correlated with a gain of 
available methionine.
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The results of these studies demonstrate the strengths and weaknesses of using 
breeding programs to improve the nutritional quality of crop plants. An obvious 
advantage is that selective techniques offer a very powerful tool for manipulating the 
genome of crop plants, without the requirement of sophisticated tools or expensive 
equipment. However, the major drawback is that quantitative traits are controlled by 
many genes, each with small individual effects. Often times, the selection for a 
desired characteristic is obtained at the expense of another phenotypic characteristic, 
which may incapacitate the plant in some other manner. A good example is the 
opaque-2 mutation in maize, which results in a higher lysine content at the expense 
of kernel texture and morphology.
Improvement of seed protein quality by genetic engineering. The second major 
technique for improving the nutritional quality of crop seeds involves genetic 
engineering strategies. The success of genetic engineering depends on the 
development of successful transformation procedures, in which cloned genes are 
directly reintroduced into plant cells. Stable integration of the foreign DNA and 
regeneration of the transformed cells results in a heritable, continuous source of the 
desired gene product. Some of the common methods of stable transformation include 
infection with recombinant Agrobacterium tumefaciens (Burow et al., 1990), 
electroporation of protoplasts (Fromm et al. , 1985,1986), PEG-mediated DNA uptake 
into protoplasts (Li et al. , 1990; Hayashimoto et al. , 1990), and particle bombardment 
of a variety of tissues by using a biolistic system (Klein et al., 1989; Sato et al., 
1993).
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The genetic engineering approach has the advantage over selective breeding 
strategies in that a very specific mutation is introduced into the genome of the plant. 
In addition, the genes used for transformation can be cloned from any source, which 
greatly increases the repertoire of characteristics that may be introduced into the plant. 
For example, insect resistance genes isolated from bacteria were introduced into 
several crop plants to enhance their resistance to insect damage (Beck and Ulrich,
1993). In another example, an antifreeze gene from winter flounder was introduced 
into tomato plants to produce frost resistant tomatoes (Erickson, 1992). In total, 53 
transgenic foods have been developed by a variety of biotechnology companies, with 
benefits ranging from herbicide resistance to enhanced flavor and nutritional content 
(reviewed in Erickson, 1992, and Beck and Ulrich, 1993).
Despite these achievements, the improvement of seed protein quality through 
genetic engineering has continued to be a major challenge for molecular biologists. 
Currently, three major strategies are being tested to improve protein quality of crop 
plants.
The first involves the modification of control points in the pathways for amino 
acid biosynthesis. For example, the enzyme dihydrodipicolinate synthase (DHPS) is 
a key enzyme involved in the biosynthesis of lysine, a limiting amino acid in most 
cereal crops. In plants, this enzyme is subject to feedback inhibition by lysine 
(Umbarger, 1978). However, the enzyme counterpart in bacteria is much less 
sensitive to inhibition by lysine.
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Shaul and Galili (1992) expressed the bacterial gene for DHPS in transgenic 
tobacco to determine if the activity of the E. coli enzyme could increase the levels of 
free lysine content. Interestingly, an increase in free lysine content was observed only 
when the bacterial DHPS was targeted to the chloroplast, suggesting that the lysine 
pathway operates largely, if not entirely, within the chloroplasts.
Free lysine content within the leaves of transgenic tobacco was increased up 
to 15 fold over the level in control plants. However, high levels of lysine, 
particularly in the homozygous plants, resulted in abnormal phenotypic characteristics. 
These included delayed flowering, partial sterility, and abnormal leaf morphology. 
In addition, it will be very important to determine the effects of high free lysine 
content on the physiological properties of the seeds, which are the target organs for 
nutritional improvement.
A second approach to improve seed protein quality involves the identification 
and cloning of a heterologous protein that is rich in the limiting amino acid. The 
cloned gene may then be stably transformed into the crop of interest. The best 
example of this comes from the study of the Brazil nut seed storage proteins.
As early as 1892, Osborne (1924) noted that the Brazil nut had exceptionally 
high concentrations of sulfur. More recently, this has been attributed to high levels 
of sulfur-containing amino acids, which account for 8.3% of the seed weight (Youle 
and Huang, 1981). Fractionation studies of the major classes of storage proteins 
indicate that the 2S albumin fraction contains 17.9% methionine and 8.7% cysteine
(Ampe et al., 1986; Sun et al., 1987). This is much higher than the average protein 
which contains about 1-2% methionine (Ohta and Kimura, 1971).
Feeding trials conducted on rats (Antunes and Markakis, 1977) and quail (Tao 
et al., 1987) have demonstrated that the defatted, Brazil nut flour can be effectively 
utilized as a source for the sulfur-containing amino acids. As a result, several groups 
have cloned the cDNA for the methionine-rich Brazil nut protein (Altenbach et al., 
1987; de Castro et al., 1987) with hopes of expressing this gene in methionine- 
deficient legume crops.
To determine if the Brazil nut protein could be successfully expressed in a 
heterologous system, Altenbach et al. (1989) fused the Brazil nut cDNA to the seed- 
specific promoter of phaseolin and reintroduced the chimeric gene into tobacco plants 
via Agrobacterium mediated transformation. The analysis of the transformed plants 
indicated that the Brazil nut protein accounted for up to 8% of the total protein within 
the seed. This resulted in a 30% increase in the level of methionine within the 
tobacco seeds.
The Brazil nut protein has also been expressed in a variety of more relevant 
crop plants. Guerche et al. (1990) fused the Brazil nut cDNA to a soybean lectin 
promoter and transformed the gene into Brassica napus (rapeseed). However, the 
levels of protein detected were much lower, accounting for only 0.02%-0.06% of the 
total protein, de Clercq et al. (1990) obtained slightly higher levels of expression (1- 
2%) in this crop by using an Arabidopsis 2S albumin promoter instead of the lectin 
promoter. The highest levels of expression in a crop of relative importance were
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obtained by Altenbach etal. (1992), who used their original phaseolin promoter-Brazil 
nut cDNA to transform a winter variety of canola. Brazil nut protein was detected 
at levels ranging from 1.7-4.0% of total protein, which increased the level of 
methionine by 33%. This may increase the value of the canola meal, which is a 
common component of animal formulations.
Two recent reports indicate that the Brazil nut protein has been successfully 
expressed in transgenic soybeans (Erickson, 1992; Beck and Ulrich, 1993). However, 
quantitative analysis of the data is currently not available. The only other report of 
Brazil nut expression in grain legumes comes from Aragao et al. (1992), who used 
particle bombardment to transiently express the Brazil nut in mature common bean 
embryo tissue. Proteins of expected sizes could be observed by SDS-PAGE and 
Western blot analysis. However, lack of stable transformation prevents the production 
of transgenic, nutritionally enhanced plants.
Although there has been much success achieved with the expression of the 
Brazil nut protein in transgenic plants, the expression of heterologous genes does have 
some limitations. For example, not all crops are low in methionine content. In 
particular, the cereal grains such as wheat, maize, and rice, are very low in lysine 
content. Thus the usage of heterologous genes for nutritional improvement in these 
crops is dependent upon the discovery and isolation of a gene that is exceptionally rich 
in lysine content. Alternatively, a de novo designed protein that is rich in lysine or 
other amino acids could be used to enhance nutritional quality. However, our limited
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knowledge of protein folding coupled with the lack of well defined protein sorting 
signals makes this a daunting challenge.
A third method of improving seed protein quality focuses on the direct 
modification of the genes encoding the primary seed storage protein. This technique 
is advantageous in that the modifications can be tailored to the specific deficiencies 
of a particular crop. The storage proteins are ideal candidates for protein engineering 
since their only known function is to serve as a source of reduced nitrogen for 
developing seedlings.
Wallace et al. (1988) demonstrated the usefulness of this approach on the zein 
protein, which is the primary storage protein in maize. The zein proteins are totally 
lacking in the essential amino acids lysine and tryptophan. Several lysine and 
tryptophan codons were introduced into the zein gene by using oligonucleotide- 
mediated mutagenesis. These mutations, which were tested in single or double 
combination, resulted in the replacement of the endogenous amino acid with lysine or 
tryptophan. In addition, peptide sequences of 5 or 8 amino acids in length were 
inserted into the zein protein. In order to test the effects of a more dramatic mutation, 
a 17-kd peptide from the SV40 (simian virus 40) was cloned into the NH2-terminal 
region of the zein protein.
Messenger RNAs for the modified proteins were synthesized in vitro using an 
SP6 RNA polymerase system and injected in Xenopus oocytes. Subsequent injection 
of TH]leucine was used to label the modified zein proteins. Comparison of native and
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modified proteins by SDS-PAGE and autoradiography showed that the modifications 
did not affect the translation or signal peptide cleavage of the zein proteins.
Two sets of criteria were used to test whether the modified zeins could form 
protein bodies in the Xenopus system: assembly into membrane bound, protease 
resistant vesicles and aggregation into dense structures. To test vesicle formation, 
Xenopus oocytes expressing zein mRNAs were homogenized and incubated with 
protease K. The zein proteins were susceptible to proteolysis only after the addition 
of 1 % Triton X-100. These and other studies demonstrated that all of the modified 
proteins were protected by membrane bound organelles.
The ability of the modified zeins to form densely packed protein bodies was 
assayed by using density gradient centrifugation. All of the modified zeins, except 
for the SV40-zein protein, produced aggregates that were similar to the native zein.
These results demonstrated that the zein protein could tolerate several different 
types of minor modifications with a minimum effect on protein processing and 
stability. However, to maximize the potential of protein engineering, it will be 
important to determine how many modifications can be tolerated by the storage protein 
structure.
A similar protein engineering strategy was used to improve the nutritional 
quality of the glycinin protein, which is the major storage protein of soybeans. The 
limiting amino acid in this crop is methionine. The glycinin protein is structurally 
divided into regions consisting of an N-terminal acidic region, a basic region, and a 
C-terminal hypervariable region. Dickinson et al. (1990) used a series of deletion
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experiments to determine which regions of the glycinin protein were most tolerant to 
mutagenesis.
The effects of the modifications were evaluated by using an in vitro assay for 
monitoring oligomer formation. In this assay, in vitro transcribed mRNA was 
translated using a rabbit reticulocyte lysate system. Inclusion of radiolabeled amino 
acids provided a convenient method for detecting the protein products. Newly 
synthesized proteins were incubated for 30 hrs at 25°C and then subjected to sucrose 
gradient centrifugation to determine the state of oligomerization.
The results demonstrated that changes created in the acidic region resulted in 
decreased protein solubility, which precluded their analysis in oligomer assembly 
assays. Deletions created in the basic chain region had no effects on solubility, but 
prevented the assembly of the modified glycinins into oligomers. Substantial deletions 
in the hypervariable region had no effect on the assembly of proteins into oligomers.
As a result, short peptide sequences were inserted into the hypervariable region 
to attempt to increase the methionine content of the glycinin protein. The simplest 
sequences featured repeats of arginine and methionine. However, inclusion of up to 
five repeats resulted in genetic instability in E. coli. To use longer sequences, a data 
base of proteins with known three-dimensional structures was searched for turn 
sequences that were rich in methionine content. Two sequences were located, one 
from bacterial ferredoxin (Adman et al., 1976) and another from citrate synthase 
(Remington et al., 1982). The longest insert sequence was created by a double
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insertion of the citrate synthase sequence. This sequence included 20 amino acids, 4 
of which were methionines.
In vitro analysis of the modified glycinin proteins demonstrated that insertion 
into the hypervariable region did not affect assembly into oligomers. These results 
suggest that insertion into the hypervariable region represents a feasible strategy to 
improve the nutritional quality of the glycinin protein. However, it will be important 
to determine if the mutations have any effect on the actual transport and storage of the 
modified proteins within the seeds of plants.
Protein engineering has also been used in an attempt to improve the methionine 
content of the common bean seeds. Hoffman et al. (1988) inserted a 15 amino acid, 
helical sequence (6 methionines out of 15 amino acids) into a region of phaseolin that 
was also predicted to be helical. The insert sequence was derived from a naturally 
occurring helical sequence in a 15 kd maize seed storage protein.
The modified phaseolin sequence was introduced into the tobacco genome by 
Agrobacterium mediated transformation. Western blot analysis confirmed that the 
modified phaseolin protein was expressed in a normal temporal and spatial pattern. 
In addition, analysis of glycans indicated that the proteins were glycosylated in a 
manner similar to the native protein. Furthermore, sucrose density gradient 
centrifugation demonstrated that the modified protein was recovered from seeds in the 
native-like, trimeric organization.
These results demonstrated that the modified phaseolin protein was synthesized 
and processed to a similar extent as the native protein. However the levels of the
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modified protein recovered from the protein bodies were drastically lower than those 
of the native protein.
Immunocytochemical electron microscopy revealed that normal phaseolin 
proteins were localized in the matrix of mature protein bodies, whereas the modified 
phaseolin proteins could only be detected in the endoplasmic reticula of cells 
containing immature protein bodies. The authors interpreted this data to suggest that 
the modified proteins were degraded in the final stages of its transport through the 
endomembrane system. Alternatively, the proteins might have been rapidly degraded 
in the protein bodies, which are known to contain protease activity (Van der Wilden 
et al., 1980). Thus it is apparent that the phaseolin protein is sensitive to structural 
alterations.
These results suggest that any further attempts to engineer the phaseolin protein 
should include a careful consideration of the effects of the mutagenesis on the protein 
structure. This knowledge is likely to be crucial for the identification of structural 
features that are necessary for proper transport and storage of the protein within the 
seed. Since the modified phaseolin protein described above could not be recovered 
from the seeds of transgenic plants, it is imperative to develop a heterologous system 
that allows the rapid purification of large amounts of the modified proteins. The 
resultant proteins could then be fully characterized prior to expression in plants.
In this dissertation, I developed three major projects that can be used to 
accomplish this goal. The first project focuses on the development of biophysical 
probes that can be used to monitor the structural stability of wild-type and mutant
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phaseolin proteins (Dyer et al., 1992). Since any type of modification is likely to 
alter the structural stability of a protein, changes in structural stability may serve as 
a useful indicator of changes in protein activity in vivo. It is likely that proteins that 
are as stable as the native protein should have the best chance to survive the process 
of accumulation in the seeds of transgenic plants.
The second part focuses on the development of computer-assisted tools for the 
molecular modeling of methionine enhancement in the phaseolin protein (Dyer et al. , 
1993a). This technique is essential because the initial attempt to modify phaseolin 
demonstrated that our ability to create mutations is far more advanced than our ability 
to determine which regions of the protein might be most susceptible to mutagenesis. 
By selecting the optimal regions for mutagenesis, the number of modifications 
harbored within a single protein can be substantially increased.
Three types of modifications were developed to increase the methionine content 
of phaseolin: replacement of hydrophobic residues with methionine in the core 13- 
barrel structures of the protein; insertion of short, methionine-rich peptide sequences 
into turn and loop regions; and insertion of a 9 kd, methionine-rich domain of the 
Brazil nut protein into the hypervariable region of the phaseolin sequence. Computer 
simulation of the mutations provides an initial method for evaluating the effects of the 
modifications on the protein structure.
The third project involves the development of an E. coli expression system that 
allows the rapid purification of large amounts of soluble phaseolin protein (Dyer et 
al., 1993b). Using this system, I analyzed the structural stability of 24 mutant
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phaseolin proteins with methionine enhancement ranging from 5 to 45 residues. The 
results indicate that the /3-barrel structures of phaseolin can tolerate extensive 
modifications for methionine enhancement with minimal effects on protein stability. 
Thus, I have successfully created high-methionine phaseolin proteins that retain the 
structural stability of the native protein structure.
Although I specifically focused on the development of techniques for the 
methionine enhancement of the phaseolin protein, the principles developed in this 
study can be applied to the deficiencies of any seed storage protein. In addition, this 
well developed system might be exploited to improve the lysine content of phaseolin 
for eventual expression in the cereal grains.
CHAPTER 2
BIOPHYSICAL ANALYSIS OF PHASEOLIN DENATURATION INDUCED 
BY UREA, GUANIDINIUM CHLORIDE, pH, AND TEMPERATURE* 
Introduction
Seeds of the common bean, Phaseolus vulgaris L., are important economic and 
nutritional resources. Their high protein and low fat content make them an excellent 
dietary source. However, the nutritional quality of the bean seed protein is limited 
due to a low content of methionine, an essential amino acid for humans. With the 
advent of recombinant DNA technology, it was envisioned initially that this limitation 
may be overcome by increasing the methionine content of the primary seed storage 
protein, phaseolin. Phaseolin is a 7S storage protein consisting of closely related 
polypeptides with heterogenous molecular size and isoelectric charge (Brown et al. , 
1981a and b). It accumulates as a trimer in the vacuolar protein bodies of developing 
cotyledons (Sun et al., 1978) and accounts for nearly half of the total seed protein 
content (Ma and Bliss, 1978).
Since the primary function of storage proteins is to serve as a reservoir of 
reduced nitrogen for germinating seedlings, it was reasoned that the protein molecule 
may be altered without thorough consideration of structural constraints. However, the 
initial engineering experiment demonstrated that the storage protein was much more 
susceptible to a structural alteration. Insertion of a 15 amino acid, methionine-rich 
sequence into an a-helical portion of the protein (Lawrence et al., 1990) significantly
“This chapter was reprinted with permission (APPENDIX E) from the article Dyer et al., (1992).
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reduced phaseolin accumulation in the seeds of transgenic tobacco (Hoffman et al. , 
1988).
My objective in this study was to develop a set of biophysical probes to 
characterize the structural stability of phaseolin. I reasoned that comparison of the 
structural stability between wild-type and mutated proteins could facilitate the design 
of the best candidates for plant transformation. Maintaining the structural integrity 
of mutated proteins is likely to be critical in successfully expressing the engineered 
proteins in plants. Absorbance, fluorescence, circular dichroism (CD), and 
fluorescence polarization anisotropy were employed to monitor the stability of 
phaseolin to denaturation brought about by 6.0 M urea, guanidinium chloride 
(GdmCl), pH changes, high temperature, or a combination thereof. Denaturation 
occurred at approximately 65 °C as monitored by three different probes in the presence 
of 6.0 M GdmCl at neutral pH. In addition, kinetic measurements were conducted 
to determine the relaxation times and activation energy (Ea) of phaseolin denaturation 
in 6.0 M GdmCl.
Materials and Methods
Preparation of protein samples. Phaseolin was purified from seeds of a bean 
cultivar Tendergreen and kindly provided by Dr. Mark Burow. A lyophilized sample 
extracted from bean seeds was dissolved in PBS buffer (137 mM NaCl, 3 mM KC1, 
12 mM P04, pH 7.4) at the concentration of 4 mg/ml and was stored in small aliquots 
at 4°C.
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Protein denaturation. The protein was denatured by using urea, GdmCl, pH 
changes, high temperature, or a combination thereof. Urea was obtained from BioRad 
(electrophoresis grade) and prepared to make an 8.0 M stock concentration. GdmCl 
was purchased from Pierce as an 8.0 M solution. These 8.0 M solutions were mixed 
with appropriate amounts of 5X PBS concentrate and distilled water to give the 
desired final denaturant concentration. Phaseolin was always added last. pH was 
changed by adding NaOH or HC1 and monitored with an Ingold microelectrode. 
Thermal denaturation was performed using water-jacketed sample holders and a 
circulating water bath. Precise temperature of the protein sample was measured with 
a digital thermometer placed directly in the metal block surrounding the cuvette 
(absorbance and CD), or by a digital thermometer placed in a reference cuvette in the 
second slot of the double chamber (for fluorescence).
Spectral analysis. Absorbance data were collected on an Aviv 118 DS 
absorbance spectrometer, CD data on an Aviv 62 DS spectropolarimeter, and 
fluorescence on an SLM Model 8000 spectrofluorimeter with reference channel and 
photon counting electronics. The spectrofluorimeter was controlled by a Macintosh 
Ilex computer running the LABVIEW program. Fluorescence intensity measurements 
were made using a vertical polarizer in the incident beam and a polarizer at the magic 
angle of 54.7° in the emission beam to eliminate polarization effects. Measurements 
of anisotropy, r, were made by measuring the intensity of fluorescence with excitation 
and emission polarizers in combinations of vertical (V) and horizontal (H) orientations:
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r = (Iw - GIv„)/(Iw + 2GIV„); G = lHVllHH where the first subscript is the orientation 
of excitation and the second is the orientation of the emission (Lakowicz, 1983).
Kinetic measurements. For each CD kinetics experiment, a 10 mm pathlength 
cuvette containing 6.0 M GdmCl and IX PBS was equilibrated in the instrument 
chamber to bring it to the desired temperature. Phaseolin was added at time zero and 
mixed by a magnetic stir bar in the cuvette. The data was fit by using a nonlinear 
least squares fit of the data (Bevington, 1969) to an exponential. The general equation 
was Y = Am +  A0elT. The activation energy was calculated by plotting the natural log 
of the relaxation time vs. 1 It. The slope of the line generated by this plot is equal to 
-EalR.
For the fluorescence kinetics experiment, the 10 mm pathlength cuvette 
containing 6.0 M GdmCl and IX PBS was incubated in the chamber to bring it to 
55°C. Phaseolin was then added to a final concentration of 75 /*g/ml and mixed by 
pipetting up and down with a 1 ml pipette. Data collection was started after the 
chamber was closed and the shutters were opened. As a result, time zero was 
approximately 10 seconds after phaseolin was initially dissolved in the denaturant. 
The excitation was 295 nm and the emission was 355 nm. The relaxation times were 
calculated by using a nonlinear least squares fit of the data to a two exponential 
equation.
Results and Discussion
Effects ofdenaturants. Initially, phaseolin was suspended in up to 6.0 M urea 
or GdmCl to denature the protein. However, fluorescence intensities and CD spectra
30
did not give any indication of an unfolding transition. There was no inflection point 
characteristic of denaturation curves observed when fluorescence intensities were 
plotted as a function of urea concentration. In addition, the amount of secondary 
structure present in each solvent condition was nearly identical based on CD spectra 
(Figure 2.1). These results suggested that phaseolin remained folded to a similar 
extent over a period of hours in the presence of 6.0 M urea or GdmCl at room 
temperature.
Thermal denaturation and pH effects. Thermal denaturation of phaseolin in 
PBS buffer was monitored by measuring the absorbance at 278 nm as a function of 
temperature. As indicated in Figure 2.2, denaturation occurred at approximately 
78°C under these conditions. In an attempt to shift the temperature of the unfolding 
transition to lower temperatures, the pH was adjusted to acidic and basic conditions. 
Initially, samples at pH  4.0 and 12.0 were tested to determine the effects of extreme 
pH on phaseolin stability. At pH  4.0, the denaturation appeared shifted slightly lower 
to about 70°C, but direct interpretation of the data was complicated by the fact that 
the protein readily formed visible aggregates in the cuvette. The sample at pH 12.0 
gave a straight line throughout the entire temperature range, suggesting that the 
protein had denatured at room temperature.
Subsequently, the protein was suspended in a solution containing 6.0 M GdmCl 
prior to changing pH and thermal denaturation. Phaseolin denatured at 65 °C when 
dissolved in 6.0 M GdmCl and PBS buffer at pH 6.8 (Figure 2.3). Thus the presence 
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Figure 2.1. CD spectra of phaseolin in the absence and presence of 6.0 M GdmCl. 
Each sample contained 200 ng/ml phaseolin, PBS buffer, and was measured at 25°C 
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Figure 2.2. Absorbance measurement of phaseolin thermal denaturation in PBS 
buffer. Absorbance at 278 nm was followed as temperature was increased from 25 























Figure 2.3. Absorbance measurement of phaseolin thermal denaturation in 6.0 M 
GdmCl and PBS buffer in a 10 mm cuvette. Absorbance at 278 nm was followed as 
temperature was increased from 25 to 90°C by 5 degree increments.
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comparison of Figures 2.2 and 2.3 suggests that the presence of GdmCl led to a more 
complete denaturation of the protein structure. This type of observation has been 
reported previously by Aune et al. (1967), who showed that the heat denatured 
structure of lysozyme could be further denatured by the addition of GdmCl. In the 
subsequent experiments, the pH of the phaseolin solutions was gradually adjusted in 
an attempt to define the stability of the protein over the entire pH range.
As presented in Table 2.1, the general trend upon lowering pH was to decrease 
the denaturation temperature. The decrease was not very dramatic from pH 6.8 to 
4.0, yet there was a substantial change between pH 4.0 and 3.0. This observation 
might be explained by noting that lowering the pH to 3.0 results in the protonation of 
acidic amino acids such as aspartate and glutamate. This could result in changes in 
solvation properties of the protein as well as the loss of electrostatic interactions such 
as salt bridges which could have served to stabilize secondary and/or tertiary 
structures (Shoemaker et al., 1985; Marqusee and Baldwin, 1987). These changes 
could effectively destabilize the protein structure (Fairman et al., 1989). Lack of 
visible aggregation after each melting experiment suggests that the presence of the 6.0 
M GdmCl was sufficient to prevent the aggregation of the denatured protein at all pH 
values studied.
Raising the pH of the solution had a much more dramatic effect on phaseolin 
stability. Increasing the pH to only 7.5 lowered the denaturation transition to 60°C. 
At pH 8.0, the spectrum exhibited an altered denaturation profile. After initial 
unfolding at roughly 50°C, the absorbance spectrum decreased linearly and failed to
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Table 2.1. Stability of Phaseolin as a Function of pHd






‘Each sample contained 6.0 M GdmCl and PBS buffer. Absorbance at 278 nm was 
monitored at 5 degree increments from 25 to 85 °C. Denaturation temperatures were 
determined by visual inspection and are accurate to approximately 3°C.
36
level off. It was therefore impossible to reliably determine an inflection point in the 
spectrum at this pH. Raising the pH to 8.5 and above resulted in a straight line 
spectrum indicative of protein unfolding at room temperature.
It is important to note that in each of the denaturation experiments, only a 
fraction of the signal intensity was recovered when the samples were cooled to room 
temperature. This indicated that phaseolin denaturation is an irreversible process 
under the experimental conditions used in this study. These results are in agreement 
with Sun et al. (1978), who showed that phaseolin is irreversibly dissociated into 
peptide components at pH 13.0. This makes detailed thermodynamic analysis 
problematic.
Circular dichroism and fluorescence. To develop separate spectroscopic 
probes, circular dichroism and fluorescence emission were used to follow the thermal 
denaturation of phaseolin in 6.0 M GdmCl. CD is very useful for monitoring 
denaturation because it is sensitive to the amount of secondary structure present in the 
protein molecule. For CD melting, the phaseolin solution was subjected to 5 degree 
temperature increments while measuring the ellipticity at 220 nm. As indicated in 
Figure 2.4, unfolding occurs at approximately 65°C, which is in close agreement with 
the absorbance studies. This supports the idea that absorbance is in fact following an 
unfolding transition from a structured, native conformation to an unfolded, denatured 
state of the protein molecule.
However, when fluorescence emission was used as a probe, denaturation 




















Figure 2.4. CD measurement of phaseolin thermal denaturation in PBS buffer and
6.0 M GdmCl. Phaseolin concentration was 200 /tig/ml and was in a 1 mm cuvette. 
Ellipticity at 220 nm was monitored as temperature was increased by 5 degree 
increments from 25 to 85°C.
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protein, I speculated that some structural perturbation might occur prior to full 
denaturation that allows solvent to penetrate and quench the fluorescence signal prior 
to complete denaturation.
To investigate this possibility, polarization anisotropy of tryptophan was 
measured. Anisotropy is a measure of the rotational freedom of the fluorophore. By 
collecting data for both fluorescence emission and polarization anisotropy, I could 
separately monitor the solvent environment and rotational freedom of the tryptophan 
residue during the process of thermal denaturation. If the change in solvent 
environment around the tryptophan occurs as a result of protein denaturation, then the 
inflection of fluorescence emission and fluorescence polarization anisotropy should 
occur simultaneously (i.e. solvent penetration and rotational freedom are concomitant). 
Alternatively, if the solvent environment of the tryptophan residue was perturbed prior 
to complete denaturation, then the change in fluorescence emission could precede that 
of anisotropy (i.e. solvent could quench the signal, yet enough structure is present to 
restrict rotational freedom). As shown in Figure 2.5, it is apparent that the 
fluorescence emission signal is quenched prior to the side chain’s ability to freely 
rotate in solution. Notably, denaturation monitored by anisotropy is approximately 
the same as that from absorbance and CD. This supports the notion that complete 
protein denaturation occurs at a midpoint of 65 °C while some other structural change 
occurs at 60°C which quenches the fluorescence signal.
Inspection of the tryptophan position in the crystal structure of phaseolin 





















Figure 2.5. Comparison of data from fluorescence emission spectra and anisotropy 
of phaseolin thermal denaturation in PBS buffer and 6.0 M GdmCl. The sample was 
heated from 25 to 75 °C by 5 degree increments. Filled squares represent 
fluorescence emission data; open squares represent anisotropy data. Excitation 
wavelength was 296 nm; emission was 355 nm.
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observation. The single tryptophan residue is located at the outer region of the protein 
in a cleft formed between two beta barrel structures. This position may be sensitive 
to dissociation of the trimeric to the monomeric state as well as slight separation of 
the barrel structures. Each of these possibilities could increase the tryptophan’s 
accessibility sufficiently to perturb the solvent environment of the tryptophan while 
preserving enough structure to restrict its rotational flexibility.
Kinetics of phaseolin denaturation in 6.0 M GdmCl. In addition to the utility 
of denaturation curves (Alber et al., 1986), kinetic measurements of the unfolding 
process have proven to be useful for evaluating the effects of mutagenesis on protein 
stability (Matthews, 1987). The kinetic measurements of phaseolin denaturation were 
somewhat unusual since two denaturants are required: The protein was suspended in
6.0 M GdmCl and the kinetics of unfolding were followed at high temperatures. As 
shown in Figure 2.6, the CD measurement of denaturation shows a single exponential 
relationship at each temperature. (The kinetic parameters are shown in Table 2.2). 
The activation energy for phaseolin calculated from linear regression of Inl/r vs. 1 IT 
is 52 kcal/mol (R—0.995).
Kinetics measured by fluorescence indicate that the tryptophan residue exhibits 
multi-exponential kinetics (Figure 2.7), indicating at least two steps during the 
denaturation process. The kinetics data can be fit with a two exponential equation. 
The fast component for the fluorescence kinetics curve had a relaxation time of 290 
seconds, whereas the slow component had a relaxation time of 5,900 seconds. The 
slow relaxation time is comparable to the relaxation time of CD (6100 sec), suggesting
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Figure 2.6. Kinetic measurement of phaseolin denaturation in 6.0 M GdmCl by CD 
as a function of temperature. The curves from left to right correspond to 65, 60, and 
55°C. Phaseolin was dissolved to a final concentration of 75 ng/ml in 6.0 M GdmCl, 
IX PBS, at the appropriate temperature. The phaseolin concentration for the data at 
55 °C was slightly higher, and thus the data were rescaled to account for this slightly 
higher concentration. The lines correspond to the curves calculated using the 
parameters in Table 2.2.
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Figure 2.7. Kinetic measurement of phaseolin denaturation in 6.0 M GdmCl using 
fluorescence emission at 55°C. Phaseolin was dissolved to a final concentration of 
75 lig/mi. in 6.0 M GdmCl, IX PBS, at 55°C. The line corresponds to the calculated 
curve using the parameters in Table 2.2.
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that the slow component corresponds to the same process of protein denaturation. The 
fact that the tryptophan residue is sensitive to at least two processes supports the data 
obtained from the thermal denaturation curves, which showed that the tryptophan 
emission could be quenched independently of a change in anisotropy.
Taken together, the kinetics data support a model in which an initial fast 
reaction occurs which is sensitive to fluorescence, but not CD. This is followed by 
a slow process that is detectable by fluorescence, absorbance, and CD, and probably 
represents denaturation of the protein structure. Further experiments are being 
conducted to characterize these intermediates and their relationships to the unfolding 
process.
As mentioned previously, I have not yet established the conditions that favor 
refolding of the protein. It was therefore not possible to determine the rate of the 
reverse reaction, nor derive any thermodynamic parameters concerning phaseolin 
stability. The CD amplitude is similar in all cases, which indicates complete 
denaturation of the protein sample at all temperatures. Thus, the denaturation 
temperatures reported in this chapter are a result of kinetic as opposed to 
thermodynamic stability.
The observation that phaseolin remains stable in 6.0 M GdmCl does not fully 
agree with the results of Deshpande and Damodaran (1991), who reported that 
phaseolin was completely denatured in the presence of 6.0 M GdmCl. However, the 
difference of results may be due to the time of measurement after phaseolin was 
initially dissolved in denaturant. Deshpande mixed phaseolin for 18 hrs at 25 degrees
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prior to fluorescence measurement whereas I mixed no longer than 2 hrs at 25 degrees 
prior to measurement. I have observed denaturation of a sample in 6.0 M GdmCl 
after days at room temperature. An additional complication may be from the 
sensitivity of the probes to full structural denaturation. Fluorescence emission from 
a single tryptophan residue is very sensitive to the electronic environment surrounding 
the indole ring. As mentioned above, it is possible that the changes in tryptophan 
environment are not strictly coupled to the process of complete protein denaturation. 
However, a spectral probe such as CD is very sensitive to the amount of secondary 
structure in a protein sample. For this reason, it is an excellent probe for following 
the denaturation of a protein. The fact that three separate probes (including CD) 
yielded a denaturation temperature of approximately 65°C indicates that phaseolin 
remains stable in 6.0 M GdmCl under the conditions used in these experiments. 
Conclusions
A set of biophysical probes have been developed to characterize the stability 
of phaseolin. Thermal denaturation coupled with 6.0 M GdmCl was the most 
effective method for denaturing the protein. Absorbance, CD, and fluorescence 
polarization anisotropy denaturation curves indicated a similar denaturation process 
around 65°C in the presence of 6.0 M GdmCl. Denaturation temperatures ranging 
from 52 to 78°C could be obtained depending on the selection of solvent conditions. 
The best pH range under these conditions was from 3.0 to 7.5. The fluorescence 
emission occurred at temperatures 5 degrees lower, suggesting that some other 
structural perturbation occurred prior to full denaturation which quenched the signal.
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However, the importance of the fluorescence probe for monitoring denaturation is 
highlighted by the idea that fluorescence emission may be sensitive to more global 
changes in protein architecture.
The high stability of phaseolin is rather surprising. Many proteins denature 
at room temperature at GdmCl concentrations of 1.0 to 5.0 M (Pace, C.N. 1975). 
Phaseolin is kinetically stable in 6.0 M GdmCl up to 50°C, indicating that some 
proteins have the potential to be much more stable than is generally observed. 
Phaseolin’s high stability might be accounted for by the fact that in nature the 
structural integrity of the protein must be maintained in desiccation during seed 
maturation and subsequent dormancy. This high stability also seems a positive asset 
for site-directed mutagenesis since the structural integrity of the protein would likely 
still be preserved after altering the amino acid contents to increase the nutritional 
value.
CHAPTER 3
STRATEGIES FOR SELECTING MUTATION SITES FOR 
METHIONINE ENHANCEMENT IN THE BEAN SEED STORAGE
PROTEIN PHASEOLIN*
Introduction
The nutritional improvement of legume seed storage proteins is a fertile field 
for the application of protein engineering techniques. Many legume seeds are 
deficient in one or more essential amino acids (Higgins, 1984). For example, the 
common bean (Phaseolus vulgaris) has a low content of sulfur-containing amino acids 
(Evans and Bandemer, 1967; Ma and Bliss, 1978). Since common beans are an 
important food crop in many regions of the world, there has been tremendous interest 
by plant breeders in increasing the methionine content of the bean seeds. However, 
conventional methods for developing a bean cultivar enriched in methionine have been 
largely unsuccessful (Delaney and Bliss, 1991).
As an alternative approach, protein engineering offers a direct method for 
manipulating the amino acid contents in the primary seed storage protein, an ideal 
candidate for protein engineering since phaseolin constitutes roughly half of the total 
protein in the common bean seed (Ma and Bliss, 1978). Phaseolin belongs to the 7S 
globulin family of seed storage proteins. It is a trimeric protein composed of three 
closely related subunits (Sun et ah, 1978). The subunits can be separated into two 
classes: a-type, which contain 411 or 412 amino acids, and /8-type, which contain 397
T his chapter was reprinted with permission (APPENDIX E) from the article Dyer et al., (1993a).
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amino acids. Nascent polypeptides are transported into the endoplasmic reticulum and 
undergo post-translational modification at two potential glycosylation sites. 
Differential processing at each site leads to the production of four isoforms as detected 
by SDS/PAGE (Sturm et al, 1987). Coordinate expression from a multigene family 
provides a large pool of the reserve proteins, which are stored in vacuolar protein 
bodies of developing cotyledons in the seed. Upon germination, the reserve proteins 
are utilized as a source of reduced nitrogen for growing seedlings.
In the initial attempt to engineer phaseolin, Hoffman et al. (1988) inserted a 
methionine-rich, 15 amino acid sequence into the phaseolin coding region. The 
modified cDNA was used to transform tobacco for subsequent expression analysis. 
Although the engineered protein could be detected in endoplasmic reticula, the amount 
of protein recovered in vacuolar protein bodies was greatly reduced. This result 
indicated that the stability of the phaseolin protein is sensitive to structural 
modification, and suggests that further attempts to modify the protein should include 
a careful consideration of the structural perturbations that might be caused by the 
mutagenesis.
Since any type of structural modification is likely to influence the stability of 
a protein, I reasoned that changes in structural stability might be an important 
indicator of protein function in vivo. Previously, I developed a set of biophysical 
probes to characterize the structural stability of the wild-type phaseolin protein (Dyer 
et al., 1992). Results from these studies demonstrated that phaseolin exhibits 
exceptional structural stability. The protein denatures only under extreme conditions
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such as 65°C when dissolved in 6.0 M guanidinium chloride. These results suggest 
that phaseolin provides a very stable framework upon which various types of structural 
modifications can be tested. However, as indicated above, some knowledge of the 
protein structure/stability relationships is crucial for engineering the protein.
The availability of crystallographic data greatly enhances the ability to create 
effective engineering strategies. For example, the three-dimensional structure 
provides insight to protein topology, which is crucial for the identification of 
secondary structures and their organization into domains. This knowledge permits the 
identification of surface exposed regions, which may be particularly good candidates 
for insertional mutagenesis. In addition, the three-dimensional structure can be used 
as a template to simulate the effects of modifications through computer modeling. Lee 
and Levitt (1991) have shown that molecular mechanic simulations of amino acid 
replacement in the lambda repressor provide a fairly good estimate of the effects of 
the mutagenesis on protein activity in vivo (Lim and Sauer, 1989). In particular, 
changes in structural stability, which were represented by changes in energy 
parameters from molecular mechanic calculations, showed a good correlation to 
changes in protein function in vivo. These and other studies (Prevost et al., 1991; 
Erikkson et al. , 1992) are demonstrating that computer simulation can be used as a 
powerful tool to study the effects of mutagenesis on a protein structure.
Crystallographic data is now available to study the leguminous seed storage 
proteins (Lawrence et al., 1990; Ng et al., 1993; Ko et al., 1993). Phaseolin was 
originally crystallized by Suzuki et al. (1983) and the tertiary structure was solved at
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3 A resolution by Lawrence et al. (1990). However, only the a-carbon coordinate 
data have been submitted to the Brookhaven Protein Data Base. In this study, I report 
on the construction of the amino acid side chains from a-carbon coordinates to 
generate the complete three-dimensional structure of phaseolin. This structure was 
used as a template to simulate modifications aimed at increasing the methionine 
content in phaseolin. I utilized molecular mechanic calculations to evaluate several 
strategies for improving nutritional quality. These include insertion of a small looping 
sequence targeted to surface exposed regions of the protein and replacement of 
hydrophobic amino acids with methionine in the barrels of the phaseolin protein. 
Molecular dynamic analysis of the wild-type structure was also utilized to study the 
extent of packing interactions between the major domains of the phaseolin protein. 
Implications for protein folding and stability are discussed.
This study provides an ideal test case, since I can construct mutant proteins 
based on the strategies developed in this manuscript. In vitro characterization of the 
mutant proteins will allow us to determine if there is a correlation between the results 
obtained from computer modeling and the effects of mutagenesis on the protein 
structure and stability expressed in vivo.
Materials and Methods
Computer modeling and calculations. Calculations for three-dimensional 
construction were performed on the Micro VAX 3600 in the LSU biochemistry 
department. Calculations for simulated mutagenesis were performed using a Silicon 
Graphics Personal IRIS workstation. All molecular mechanic calculations were
performed using the CHARMM program (Brooks et al., 1983) and version 20 
topology and parameter files. Visualizations and molecular modeling were achieved 
by using SYBYL (Tripos, Inc.) or MacroModel software and an Evans and Sutherland 
picture system. Additional modeling and visualizations were facilitated by using the 
QUANTA program (Molecular Simulations, Inc.) on the Silicon Graphics Personal 
IRIS workstation. Since I often compared small energy differences due to single 
amino acid replacements, all energies are reported to 0.1 Kcal/mol. Computer 
programs are listed in Appendix B.
Generation of phaseolin structure from a-carbon coordinates. The a-carbon 
coordinates (Entry 1PHS, version dated October 1990) for the 0-phaseolin structure 
(Lawrence et al., 1990) were obtained from the Protein Data Bank (Bernstein et al., 
1977; Abola et al., 1987) at Brookhaven National Laboratory. This structure will be 
referred to simply as phaseolin hereafter. The initial construction of the phaseolin 
peptide backbone was performed in two ways. First, the a-carbon coordinate file was 
imported from the Brookhaven Database using the SYBYL program. Once in 
SYBYL, the subroutine "CONSTRUCT_BACKBONE" was executed to build the 
peptide backbone using a "spare parts" approach. This program uses the extensive 
amounts of information from previously crystallized proteins to define how the peptide 
backbone is positioned in short segments of protein structure. The unknown structure 
is analyzed as a set of segments for comparison with the known structures. By 
matching sequences, the most plausible placement of the backbone is achieved.
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In an alternate approach, the original a-carbon coordinate file was exported to 
CHARMM for peptide backbone construction. The backbone structure was generated 
from the a-carbon coordinates by building the peptide bonds around them, one residue 
at a time, starting at glycine residues (Correa, 1990). By keeping the a-carbons 
harmonically restrained and peptide bonds planar and tram, the structure was 
minimized to find the lowest energy conformation. Visualization of the independently 
built backbone structures by superimposition showed that the structure generated by 
the CHARMM program was very similar to the SYBYL generated structure.
The amino acid side chains were constructed as described by Correa (1990). 
Briefly, the side chains were built sequentially outward, one atom at a time. The 
process began by defining all residues as alanine (except glycine). Molecular 
dynamics calculations of the structure were used to sample many different 
conformations, with the final structure chosen based on its having the lowest energy. 
The next atom in each side chain was then added to the structure and the process was 
repeated until all atom positions were defined. Throughout this process, the positions 
of the a-carbons were rigidly constrained to preserve their positions with respect to 
the crystallographic data. The final structure is referred to as WT.CRD.
Molecular dynamics analysis of phaseolin. Explicit waters were not included 
in the molecular mechanic calculations due to time and computing considerations. 
However, to best mimic simulations including explicit waters, I used a constant 
dielectric of 50 (Wendoloski and Matthew, 1989) and a switching function which 
smoothly truncated the energy between 11 and 14 A (Loncharich and Brooks, 1989).
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Hydrogen bond terms were not included in this treatment. A harmonic constraint of 
0.2 was imposed on a-carbon positions throughout the dynamics analysis.
The starting structure (WT.CRD) was heated from 0-600°K over 2 ps and then 
equilibrated for 3 ps. A 20 ps dynamics run was then performed at 600°K to allow 
the structure to sample conformational space. The structure was then cooled to 300°K 
over 5 ps, followed by 10 ps of dynamics at 300°K. The resulting structure was 
minimized by 500 steps of conjugate gradient minimization to find the lowest energy 
configuration. Analysis of dihedral angles showed that two peptide bonds were in the 
cis orientation. The bonds were converted by constraining the peptide bonds to be 
trans. Finally, 20 steps of steepest descents minimization and 580 steps of conjugate 
gradient minimization were performed to generate the final structure, WT.DYN.
The energy of interaction between domains (EI„J was calculated using the 
general formula =  Enim - (E„ + Em), where Entm is the total energy of domains 
n and m, E„ is the energy of domain n alone, and E* is the energy of domain m alone. 
These values were calculated by selectively deleting parts of the protein and then 
evaluating the energy. The energy calculated by CHARMM is represented by the 
equation E =  £(Dihed) +  £(Elec) +  E(Bond) 4- E(Impr) +  E(Angl) 4- E(VDW), 
representing dihedral, electrostatic, bonding, force to maintain planarity and a carbon 
chirality, bond angle, and van der Waals interactions, respectively.
In addition, each amino acid in the phaseolin sequence was analyzed in terms 
of its overall interaction with the rest of the protein. This was accomplished using the 
formula E = Ep.n 4  Enf 4  E„, where E is the total energy of the protein, Ê n is the
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energy of the protein after deleting residue n, Enf is the interaction between residue 
n and the rest of the protein, and En is the energy of residue n alone. E, Ep.n, and En 
were calculated directly by calculating energies after deleting the appropriate part of 
the protein.
Simulation of single and multiple amino acid replacements with methionine. 
Ten amino acids were selected for substitution in each barrel structure as described 
in results. Each amino acid was replaced and analyzed individually to determine the 
effects of any given replacement. The substitutions were created by changing the 
appropriate residues and atomic labels in the dynamics structure (WT.DYN). If all 
atoms in the side chain of methionine could not be placed using the endogenous side 
chain positions, the missing atoms were built from internal coordinate data using the 
CHARMM internal coordinate routines.
The mutated structure was minimized with 50 steps of steepest descents 
minimization to relieve bad contacts. This was followed by 950 steps of conjugate 
gradient minimization. A harmonic constraint of 0.2 was imposed on a-carbons 
during both sets of minimizations. The resulting structures had RMS derivative values 
of approximately 0.02 Kcal/mol-A. The results obtained from minimization were 
compared to a positive control WT.CRD minimized under the same conditions. 
Energy changes due to replacement were determined by subtracting the mutant energy 
from the wild-type.
For multiple replacement analysis, the following sets of mutations were 
created: The first 7 mutations in the N-barrel (N-bar?^), the last 3 of the N-barrel
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(N-bar3^), all 10 in the N-barrel (N-barlO^J, the first 4 of the C-barrel (C-bar4mJ , 
the last 6 of the C-barrel (C-barb ,̂), all 10 in the C-barrel (C-barlOTOI), both sets of 
10 in the N- and C-barrels (NC-bar20mu/), and a 46 amino acid, reverse coding region 
negative control in the C-barrel (REV) in which the cDNA sequence of C-barlO ,̂ was 
reversed.
Each set of mutations was collectively introduced into the dynamics structure 
(WT.DYN). The mutants were then minimized as described for the single site 
replacements. Potential interactions between sites were evaluated by comparing the 
change in energy of the multiply mutated structure to the sum of energy changes 
observed for the corresponding singly mutated structures.
Analysis of local perturbation induced by mutations. A selective root mean 
squared (RMS) analysis was used to determine the extent of neighboring atom 
displacement caused by the introduction of methionine residues. Mutant and wild-type 
structures that were minimized as described above were used in this analysis. After 
minimization, any atoms within a 5 A radius of the replaced methionine side chain 
were selected for RMS deviation analysis relative to the wild-type structure. The 
methionine side chain itself was then deleted from this calculation so that only 
neighboring atom displacement would be measured. After orienting the selected 
atoms with the same atoms from the wild-type structure, the RMS deviation in atomic 
position was computed.
Construction and analysis of loop inserts. The approximate location for the 
loop insertion site was evaluated by following several a-carbon coordinates on each
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side of the insertion site. The positions of a-carbons in the loop were selected such 
that the loop would extend out and away from the protein structure. The loop was 
created by seeding the a-carbon positions and building the amino acids from internal 
coordinate data. The loop was then minimized with a-carbon positions rigidly 
constrained to relieve bad contacts. The loop was attached to the protein by deleting 
the bond where the insert would go, and patching the ends of the loop to the 
respective N- and C-terminal ends. After several sets of steepest descents 
minimization to relieve bad contacts, a short dynamics run was performed at simulated 
low temperature (10°K) to allow slight rearrangement of the loop attachment region. 
This was necessary to avoid large energy changes upon initial heating of the structure 
during the long dynamics analysis. The dynamics were then run according to the 
conditions described for the wild type structure, except that 3 instead of 2 ps of 
heating was used. In addition, the constraints were relaxed in the region of the loop 
to allow movement of the structure as necessary during dynamics. At the latter stages 
of the dynamics run, constraints were gradually put back on a-carbon positions to 
bring the surrounding structures back to the starting positions. The final structure was 
minimized by 1000 steps of conjugate gradient minimization.
Construction of Hoffman insertion sequence. The Hoffman insert features a 
15 amino acid helical sequence inserted into the middle of N-helix-2 in the N-HTH 
structure (Hoffman et al., 1988). To build the extended helix, all of the phaseolin 
structure was deleted except for the first eight residues of N-helix-2. The 8 residues, 
which represent 2 turns of the a-helix, were duplicated to a second segment called
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HI. A vector was then computed from the first to the last a-carbon of N-helix-2. 
The HI structure was then translated the length and direction of this vector, which 
resulted in the superimposition of the last residue of N-helix-2 and the first residue of 
HI. The HI structure was then duplicated to a structure called H2, which was moved 
along a similar vector computed from HI. The process was repeated for a last 
structure, H3. The first residues of HI, H2, and H3 were deleted to eliminate the 
overlapping positions. In addition, the last 5 residues of H3 were deleted. Patching 
of N-helix-2, HI, H2, and H3 resulted in the 24 amino acid helix. The residue labels 
of the helix were changed to produce the desired sequence (ser-lys-his-ile-LEU-ASP- 
GLN-MET-ARG-MET-MET-ASP-GLN-MET-ARG-MET-MET-ASP-VAL-leu-glu-ala- 
ser-phe; N-helix-2 in lower case, Hoffman insert in upper case). The helix was then 
minimized by 100 steps of steepest descents and 300 steps of conjugate gradient 
minimization, with 0.2 harmonic constraints on a-carbon positions.
To incorporate the mutated helix, N-helix-2 structure of WT.CRD was deleted 
and replaced by the mutated N-helix-2 structure. The region of WT.CRD after 
N-helix-2 (residues 171 to 212) was displaced by the vector length and distance from 
a-carbon position 9 to 24 of the mutant helix structure. The mutant helix was then 
patched to the phaseolin structure. The mutated structure was then minimized by 60 
steps of steepest descents minimization with harmonic constraints of 10.0 on all 
a-carbons except those in the region after the mutant N-helix-2 (residues 171 to 212). 
The structure was improved by 4 sets of minimization: 3 sets of 250 steps steepest 
descents followed by 250 steps of conjugate gradient minimization.
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The mutated structure was then subjected to dynamics simulation. 0.2 
harmonic constraints were imposed on all a-carbons (except for the region after 
mutated N-helix-2). The structure was warmed for 3 ps to 600°K followed by 3 ps 
of equilibration and 20 ps of dynamics. The final structure was minimized by 50 
steps of steepest descents and 950 steps of conjugate gradient minimization.
Results
Construction of the complete three-dimensional structure of phaseolin. 
Molecular mechanic calculations were used to generate the complete three-dimensional 
structure of phaseolin (WT.CRD) from a-carbon coordinates (Figure 3.1). Although 
this structure most likely has some side chains in incorrect conformations, it probably 
provides an accurate starting structure for modeling. The phaseolin structure features 
an internal repeat consisting of a jelly-roll type /3-barrel located at the central core 
followed by a helix-tum-helix (HTH) motif positioned at the periphery of the 
molecule. An additional helix (N-helix-4) is present at the end of the amino 
(N)-terminal half of the protein, which connects to the carboxyl (C)-half of the 
protein. Three regions of the protein do not appear in the structure since their 
enhanced mobility makes them invisible during crystallographic refinement (Lawrence 
et al., 1990). These include the first 10 amino acids; residues 213 to 219, which is 
the segment linking N-helix-4 and the C-half of the protein; and residues 381 to 397, 
which represent the C-terminal region.
The cartoon presented in Figure 3.2 shows a graphic representation of the 
major domains and linker regions of phaseolin. The amino terminal barrel and helix
Figure 3.1. Construction of the complete three-dimensional structure of phaseolin 
from a-carbon coordinates. Top panel represents a stereo drawing of the a-carbon 
coordinate trace. The peptide backbone was constructed as described in methods 
while keeping a-carbon coordinates rigidly constrained (middle panel). Amino acid 
side chains were built incrementally outward, one atom at a time. The complete 




Figure 3.2. Cartoon representation of the phaseolin structure after molecular 
dynamics analysis. The major domains and linker regions of the wild-type structure 
are indicated: N-term (11-23), N-barrel (24-147), N-linker (148-155), N-Helix-Tum- 
Helix (N-HTH) (156-181), N-linker’ (182-196), N-helix-4 (197-212); C-barrel (220- 
333), C-linker (334-339), C-HTH (340-371), and C-term (372-381). Amino acid 
sequence (shown in parentheses) is numbered according to the mature form of the 
protein (after signal peptide cleavage).
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tum-helix structures are referred to as N-barrel and N-HTH respectively. The 
sequence between these structures is referred to as N-linker. The sequences after 
N-HTH are referred to as N-linker’ and N-helix-4. The carboxyl side is also 
designated as C-barrel, C-linker, and C-HTH.
Molecular dynamics refinement of the phaseolin structure. The phaseolin 
structure (WT.CRD) was subjected to 40 ps of dynamics analysis followed by 1000 
steps of conjugate gradient minimization to generate the final structure WT.DYN. 
Table 3.1 shows that there is a substantial change in energy between the starting and 
final structures. The energy of the final structure (-3280.4 Kcal/mol) is nearly twice 
as low as starting structure (-1882.0 Kcal/mol). Very little reduction was observed 
for the dihedral and electrostatic energy components, whereas a large decrease was 
observed for bond, angle, van der Waals, and the "improper dihedral" potential to 
maintain planarity and a-carbon chirality.
During the dynamics and minimization runs, the a-carbons were harmonically 
restrained to maintain their positions close to the original crystal coordinates. I found 
that a constraint of 0.2 was sufficient to preserve the overall structural architecture: 
The a-carbons moved only slightly, with a root mean square (RMS) of 0.56 A. The 
backbone atoms moved somewhat more, with an RMS value of 0.84 A. The greatest 
degree of movement was observed for the amino acid side chains, which exhibited an 
RMS deviation of 2.58 A relative to the starting structure.
A similar dynamics run without any a-carbon constraints resulted in much 
larger atomic displacements: The a-carbons moved 5.20 A with respect to the crystal
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Table 3.1. Molecular Dynamics Analysis of Phaseolin from the 







Total E -1882.0 -3280.4 -1398.4
E(Dihed) 330.6 323.1 -7.5
E(Elec) -255.8 -278.4 -22.6
E(Bond) 296.6 46.6 -250.0
E(Impr) 179.6 47.7 -131.9
E(Angl) 693.5 350.0 -343.5
E(VDW) -3126.7 -3769.4 -642.7
‘The energy in Kcal/mol was calculated by the equation E =  E(Dihed) +  E(Elec) +  
E(Bond) +  E(Impr) +  E(Angl) +  E(VDW), representing dihedral, electrostatic, 
bonding, force to maintain planarity and a-carbon chirality, bond angle, and van der 
Waals interactions, respectively.
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coordinates. The movement was due primarily to the a-helical groups curling up and 
in towards the barrel structures, rather than the random movement or destruction of 
secondary structure elements (result not shown). It should be noted that the a-carbon 
coordinates were obtained from the trimeric organization of phaseolin, in which 
a-helical groups of adjacent monomers are closely apposed. Therefore, dynamics 
analysis of the monomer without a-carbon constraints may represent movements of 
domains which are constrained by trimerization.
Interaction between phaseolin domains and linker regions. Packing 
interactions between various domains of phaseolin were determined by initially 
calculating the energy of each domain alone (Table 3.2). The difference between the 
sum of these energies and the energy of the total protein indicates that -743.8 
Kcal/mol of energy is obtained through the interaction of various parts of the protein. 
This energy represents 23% of the total calculated energy of the protein.
The primary source of interaction energy arises from the packing interaction 
between the two /8-barrel structures (-120.6 Kcal/mol, Table 3.3). Additional 
stabilization of the barrels is provided by the N-terminus, which interacts nearly 
equally with each face of the N- and C-barrel structures (-74.5 and -75.8 Kcal/mol, 
respectively). There is very little direct interaction between the HTH motifs and the 
/3-barrel structures. However, the linker regions between these structures provide 
contacts to both barrel and HTH structures.
The sequences immediately after each HTH motif (N-linker’ and C-terminus, 
-82.3 and -87.7 Kcal/mol, respectively) are tightly wrapped along the side of each
64
Table 3.2. Energy of Major Domains and Spacer Regions in the Phaseolin 






N-barrel (24-147) -1004.5 C-barrel (220-333) -872.5
N-linker (148-155) -25.2 C-linker (334-339) -7.6
N-HTH (156-181) -192.1 C-HTH (340-371) -210.1
N-linker’ (182-196) -55.7 C-term (372-381) -29.8
N-helix4 (197-212) -97.1
"Energy was calculated by first deleting all of the phaseolin structure except the 
sequence in parentheses. The structures of residues 1-10, 213-219, and 382-397 are 
not resolved in the crystal structure (Lawrence, et al., 1990).
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Table 3.3. Energy of Interaction Between Domains and Linker Regions of the 
Phaseolin Protein After Dynamics Refinement1
Domain/Spacer Energy of Interaction 
(Kcal/mol)





N-barrel/N-HTH -14.6 C-barrel/C-HTH -9.1
N-linker/N-barrel -29.0 C-linker/C-barrel -30.0
N-linker/N-HTH -18.2 C-linker/C-HTH -21.2
N-linker/N-linker’ -37.9 C-linker/C-term -19.3
N-linker’/N-barrel -82.3 C-term/C-barrel -87.7




‘Structurally similar regions are listed opposite each other. Total interaction energy 
is -743.8 Kcal/mol.
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barrel. Similar interactions contributing -65.6 Kcal/mol are provided by N-helix-4, 
which provides extensive contacts along the back side of the N-barrel. These 
interactions suggest that although there is little direct interaction between the barrels 
and HTH groups, the flanking sequences help to maintain a specific orientation of the 
HTH motifs relative to the barrel structures. This orientation might be crucial for 
proper arrangement of the monomers in the trimeric state.
Overall, Table 3.3 shows that there is a slightly larger amount of structural 
interaction between elements in the N-half (-217.7 Kcal/mol) of the protein as 
compared to the C-half (-173.9 Kcal/mol). The implications of this data with respect 
to protein folding and stability are described in the Discussion section.
Conserved and variant amino acid positions in phaseolin domains. Residues 
that are important for preserving structure/stability relationships are generally well 
conserved in corresponding proteins among different species (Lesk and Chothia, 
1980). Doyle et al. (1986) have previously compared the sequences of six leguminous 
7S globulins with phaseolin. Although overall 50% of amino acid positions in 
phaseolin are conserved, the conserved residues are not equally distributed among 
major domains and linker regions. Comparison of the N- and C-barrel structures 
reveals that the N-barrel contains a slightly higher percentage of conserved positions 
than the C-barrel (52% vs. 42% respectively, Table 3.4). A more significant 
difference is noted between the N- and C-HTH motifs, with the N-HTH containing 
69% conserved positions compared to 38% for the C-HTH. The highest degree of 
conservation is found in the N-helix-4 (75%).
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Table 3.4. Percentage of Conserved Residues in Major Domains 
and Linker Regions in the Phaseolin Protein"’
Domain/Linker % Conserved Domain/Linker % Conserved
Entire structure 50
N-term (11-23) 38
N-barrel (24-147) 52 C-barrel (220-333) 46
N-linker (148-155) 38 C-linker (334-339) 67
N-HTH (156-181) 69 C-HTH (340-371) 38
N-linker’ (182-196) 40 C-term (372-381) 50
N-helix4 (197-212) 75
‘Conserved amino acid positions were obtained from the analysis of Doyle et al. 
(1986).
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These results provide some insight into regions of the protein that may be more 
susceptible to sequence and the resulting structural modifications. In choosing specific 
amino acids to replace with methionine, I reasoned that variant positions would be 
better candidates than conserved positions since conserved positions may be involved 
in tightly packed and/or specific architectural arrangements. To investigate this 
possibility, I determined the energy of packing interactions of each residue with the 
rest of the phaseolin structure. As shown in Figure 3.3, conserved and variant 
residues share a similar distribution of interaction energy. Thus, differences in 
packing energy alone do not appear to discriminate between the functional significance 
of conserved vs. variant residues. Conserved residues are likely to be involved in 
functions such as directing the proper folding pathway, in which properties such as 
stereochemistry may be more important than packing interactions in the protein 
structure. Alternatively, the interactions important for conserved residues might not 
be modeled properly.
Selection of amino acid positions for replacement with methionine. I chose to 
replace variable amino acids with methionine in the barrel regions of the protein for 
several reasons. First, the hydrophobic nature of the barrel interior is suitable for the 
hydrophobic methionine side chain. Second, several regions of the barrels are 
clustered with variable amino acid positions, and are conducive to replacement 
through gene construction. Third, the a-helical portion of the protein is apparently 
sensitive to structural modifications: Insertion of a 15 amino acid peptide sequence 
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Figure 3.3. Distribution of conserved and variant residues according to packing 
energy. The packing energy of each residue in the phaseolin structure was calculated 
as described in methods and rounded to the nearest multiple of -5 Kcal/mol. The 
number of conserved or variant residues are plotted vs. the packing energy (dE) in 
Kcal/mol. Residues were determined to be conserved or variant by comparison of 
other 7S globulin sequences with phaseolin (Doyle et al., 1986.).
of transgenic plants (Hoffman et a l ,  1988). Also, deletion of the C-terminal HTH 
region resulted in loss of trimerization and altered endomembrane transport in a 
Xenopus oocyte system (Ceriotti et a l ,  1991). Therefore, alteration to a-helical 
sequences might pose the greatest chance for disrupting the process of trimerization 
and subsequent deposition in the seed. The final reason for selecting the barrel 
structures for replacement is to evaluate the importance of structural stability to the 
functional properties of the seed storage protein. Previous analysis has shown that 
phaseolin exhibits exceptional structural stability (Dyer et al., 1992). In addition to 
having a low content of methionine, the bean protein is limited as a nutritional source 
due to limited proteolysis during digestion. Therefore I aim at not only increasing the 
methionine content of this protein, but also reducing the structural stability slightly to 
render it more susceptible to proteolytic digestion. Mutation in the barrel structure 
will probably decrease overall structural stability, but have minimal effect on the 
overall tertiary and quaternary arrangement.
I selected two regions that span several /3-strands in each /3-barrel for 
replacement. These regions include residues 82 to 122 in the N-barrel (41 amino 
acids), and residues 264 to 313 in the C-barrel (50 amino acids). The sequence in the 
C-barrel will serve as a negative control in future in vivo expression studies: The 
restriction sites for cloning this span of amino acids have been selected such that they 
have the same four base pair overhang upon restriction digestion, which will allow the 
sequence to be replaced in either orientation. This will produce clones with the 
desired coding sequence as well as inframe, but reverse, orientation of the coding
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strand. The reverse orientation negative control creates 46 amino acid replacements 
(Figure 3.4). This reverse negative control is also modeled in this study.
I used the comparative study of Doyle et al. (1986) to develop criteria for the 
selection of amino acids for replacement with methionine: 1. All variant leucine and 
isoleucine positions were selected for substitution to methionine. 2. Small, variant 
nonpolar amino acids such as alanine or valine that are replaced by larger hydrophobic 
residues in other 7S globulin sequences were also selected as candidates. 3. Other 
variable residues that demonstrated variability in size accommodation and degree of 
hydrophobicity were also selected for replacement. Using this approach, 10 amino 
acids were selected for substitutions in each of the (3-barrel structures (Figure 3.4 and 
3.5). The residue types included leucine, isoleucine, valine, alanine, phenylalanine, 
tyrosine, proline, and glutamine. For comparative purposes, conserved N- and 
C-barrel positions occupied by these amino acids were also substituted to methionine 
using molecular mechanic simulations. This allows a comparative analysis between 
the effects of replacing conserved vs. variant amino acid positions in the (3-barrel 
structure.
Molecular Mechanic analysis of single-residue replacements. The changes in 
energy due to amino acid replacement were obtained by subtracting the mutant 
structure energy from the wild-type after minimization. As presented in Table 3.5, 
there is not much change in energy when variant leucine, isoleucine, or valine 
residues are substituted to methionine. However, replacement of the smaller, variant 
alanine residue leads to an increased stability. The single proline residue that was
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N-Barrel
22  122  
Wild-type: s a i l v l v k p d d r r e y f f l t s d n p i f s d h q k x p a g t i f y l v n
N-barlO^: s a il v m v k p d d r r e y m f m t s d n p m m s d h m k m p a g t m h y m v n
C-Barrel
264 313
Wild-type: l w n e g e a h v e l v g p k g n k e t l e y e s y r a e l s k d d v f v i p a a y p v a i k a t
C-barlO ,̂: l v m n e g e a h m e m v g m k g n k e t l e m e s y r a e m s k d d m f v ip a a y p m m m k a t
Reverse: l a f i i i g y a a g i t n i s s l d i s a l y d s i s k v s l f p f m p t i s i w a s p s f i t s
Figure 3.4. Amino acid replacements in the N- and C-barrel structures. The first and 
last residue numbers are indicated above the wild-type N- and C-barrel sequences. 
Amino acids that were mutated to methionine are bolded. The reverse sequence 
represents the amino acid sequence obtained when the C-barrel replacement cDNA 
sequence is cloned in the reverse orientation. Underlined residues are not changed 
by the reverse orientation sequence.
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Figure 3.5. Substitution sites in the N- and C-barrel structures. The peptide 
backbone overlay of WT.DYN and NC-bar20mu; is shown. 10 residues in each 
j3-barrel were substituted with methionine. The methionine side chains are highlighted 
by van der Waals dots.
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Table 3.5. Energy Changes Induced by Replacement of Variant 
Amino Acids with Methionine0
N-barrel dE (Kcal/mol) C-barrel dE (Kcal/mol)
Leu 87 4.2 Val 266 8.6
Phe 97 8.7 Val 273 -2.8
Leu 99 3.8 Leu 275 0.9
lie 105 -1.3 Pro 278 -9.8
Phe 106 9.2 Tyr 287 7.2
Gin 110 6.1 Leu 294 2.8
He 112 5.6 Val 299 2.8
He 117 -0.8 Val 308 -1.4
Phe 118 9.7 Ala 309 -4.3
Leu 120 0.8 He 310 -0.2
The amino acid is listed in three letter abbreviation followed by the residue number. 
dE was calculated by subtracting the energy of the mutant structure from the wild- 
type.
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substituted to methionine also exhibited a gain in structural stability. Although proline 
would not usually be a good candidate due to the special nature of its side chain, this 
particular residue occurs in a large loop region, is flanked by glycine residues, and 
is present as leucine and isoleucine in other 7S globulin sequences. The replacement 
of phenylalanine and tyrosine resulted in a more substantial destabilization. This can 
most probably be attributed to the loss of the packing interactions normally 
surrounding the phenolic side chain.
There does not appear to be a strict correlation between gain or loss of energy 
and amount of neighboring atom displacement as indicated by the RMS values 
presented in Table 3.6. For example, the small atomic displacement induced by the 
replacement of the variant alanine is accompanied by a fairly large gain in energy 
(-4.3 Kcal/mol). However, for the proline replacement, a large gain in energy was 
accompanied by rather large displacement of neighboring atoms. Other mutations 
such as leucine, isoleucine, and valine, exhibit very little change in energy with small 
changes in neighboring atom displacement. Thus, data concerning the displacement 
of neighboring atoms does not serve as an effective indicator of calculated changes in 
structural energy.
Comparison of conserved vs. variant amino acid positions reveals that there 
is little difference in the replacement of conserved and variant leucine, isoleucine, and 
valine positions. However, a large difference is observed for alanine. Replacement 
of conserved alanine positions exhibited the largest standard deviation between 
energies of various mutants. This indicates that the effect of mutating conserved
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Table 3.6. Average and Standard Deviation of Energies Due to Conserved 
and Variant Amino Acid Substitution with Methionine"
Amino
acid
Conserved Positions Variant Positions
# changed Ave. dE Ave. RMSb # changed Ave. dE Ave. RMSb
Leu 10 2.8 ±  1.3 0.18 ±  0.07 3 4.0 ±  0.2 0.16 ±  0.03
lie 3 0.7 ±  0.6 0.23 ±  0.14 4 0.8 ±  2.8 0.17 ±  0.08
Val 4 -0.5 ±  1.2 0.13 +  0,12 4 1.8 ±  4.4 0.36 ±  0.12
Ala 6 7.9 ±  11.1 0.39 ±  0.22 1 -4.3 0.15
Phe 3 9.5 ±  1.7 0.19 ±  0.17 3 9.2 ±  0.4 0.12 ±  0.02
Tyr 2 13.1 ±  2.7 0.15 ±  0.02 1 7.2 0.18
Pro 6 -7.7 ±  4.1 0.21 ±  0.08 1 -9.8 0.57
Gin 1 5.3 0.09 1 6.1 0.12
"Change in energy (dE) was calculated for structures as described in Table 3.5. bRoot 
mean square displacement of atoms within 5 A radius of the methionine side chain.
77
alanine positions is highly dependant on the specific environment of the alanine side 
chain. Replacements of the alanine also caused the highest amount of neighboring 
atom displacement. This is plausible since the methionine side chain is three atoms 
longer than alanine, which could effectively disrupt a tightly packed environment.
Analysis of multiple replacements. Future in vivo expression studies will allow 
us to test the effects of various combinations of the 10 replacements in each barrel. 
I plan to construct mutant proteins containing the first 7 replacements in the N-barrel 
(N-bar7mM), the last 3 in the N-barrel (N-barS^), all 10 together (N-barlO^), the first 
4 of the C-barrel (C-bar4„J, the last 6 (C-barb ,̂), all 10 together (C-barlO^), all 20 
in both /3-barrels (NC-bar20„u), and a reverse orientation negative control of the 
C-terminal region {REV), which results in 46 amino acid replacements.
Simulations of each set of replacements reveal that changes created in the 
N-barrel cause greater destabilization than changes in the C-barrel (Table 3.7), 
although both sets of changes produce structures that are less stable than wild-type. 
These results are somewhat expected since the replacements in each barrel alter the 
overall number of atoms within each structure. Replacements in N-barlO^ result in 
the loss of 10 heavy atoms (C,N,0 or S) whereas the replacements in C-barlO ,̂ result 
in the gain of 5 heavy atoms. Since both the gain or loss of atoms within a structure 
can influence stability (Eriksson et al., 1992; Mendel et al., 1992), one might expect 
that the N-barlO^ structure should be less stable than the C-barlO^ structure. In 
addition, the 50 amino acid replacements created by the reverse orientation negative
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control cause a substantial loss of structural energy (140.0 Kcal/mol). These results 
should be directly testable through denaturation studies of the mutated proteins.
To determine if there are any compensating interactions among the multiple 
mutations, the energy of each multiply mutated structure was compared to the sum of 
the energy changes of each representative set of amino acids. As presented in Table 
3.7, both favorable and unfavorable interactions are observed. For example, the first 
7 substitutions in the N-barrel (N-bar?^) interact favorably to produce -10.7 Kcal/mol 
more energy as compared to the sum of the individual sites. However, the next 3 
sites interact unfavorably, exhibiting 2.1 Kcal/mol less energy than the sum of the 
individual sites. Introduction of all 10 replacements in the N-barrel shows that there 
are favorable interactions between the first 7 and last 3, since the difference energy 
of N-barlOmu, is less than the sum of the differences of N-bar7, ,̂ and N-barS ,̂.
In the C-barrel, the first 4 replacements interact favorably whereas the last 6 
are slightly favorable. However, the interaction between the first 4 and last 6 are 
quite unfavorable, exhibiting a much more positive difference than the sum of 
C-bar4mM and C-barb^.
Design of a hydrophilic methionine-rich looping insert. A 15 amino acid 
sequence was assembled using de novo design principles to favor the formation of a 
hydrophilic looping sequence. (Principles of de novo design are reviewed in Mutter 
et al., 1988; DeGrado et al., 1989; and Richardson and Richardson, 1987). The 
sequence is: Asp -Met-Lys+-Gly-Met-Met-Asn-Lys+-Asp -Met-Pro-Met-Asn-Asp -Ser. 
Several criteria were used to evaluate potential sequences: The sequence must be
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Table 3.7. Analysis of Energy Changes from Multiply Mutated Structures"
Structure dE of Multiply Mutated 
Structure (Kcal/mol)
Sum of Individual 
dEs (Kcal/mol)
Difference
N-bar?^ 25.6 36.3 -10.7
N-bar3™, 11.8 9.7 2.1
N-barlO™, 33.8 46.0 -12.2
C-bar^ 5.5 -3.1 8.6
C-barti^ 6.2 6.9 -0.7
C-barlO ,̂ 22.2 3.8 18.4
NC-bar2(L, 61.8 49.8 12.0
REV 140.0
"Energies were determined by either summing the changes of individual mutations
(Table 3.5) or obtaining the energy from the multiply mutated structure.
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methionine-rich, hydrophilic, favor the formation of a looping sequence, and prevent 
the nucleation of alternative secondary structures.
To maintain hydrophilicity, a total of 5 charged residues were incorporated to 
compensate the hydrophobicity of the 5 methionine residues in the insert (Kyte and 
Doolittle, 1982). The charged residues include 3 aspartates and 2 lysines. Both 
acidic and basic residues were selected to maintain hydrophilicity, preserve isoelectric 
charge, and promote loop formation by favorable electrostatic interactions (lysine 3 
and aspartate 14). Aspartate was selected over glutamate as an acidic residue because 
aspartate is smaller and statistically more abundant in loop regions (Leszczynski and 
Rose, 1986). Lysine was selected over arginine as a basic residue because of its high 
degree of side chain flexibility (Richardson and Richardson, 1989). Despite the 
significant amount of hydrophobicity in the methylenes of the lysine side chain, it 
buries the smallest fractional side-chain surface-area of all amino acids in a folded 
protein (Rose et al. , 1985). The charged nature and flexibility of the side chain are 
optimal properties for interaction with solvent molecules. Arginine, however, is 
usually observed in more well ordered environments of protein structure (Richardson 
and Richardson, 1989).
Glycine and proline residues were incorporated into the insert for 2 reasons. 
First, these residues help to prevent the continuation of flanking secondary structures 
into the loop sequence, since glycine and proline are classically considered to be 
a-helix and 0-sheet breakers (Chou and Fasman, 1978). Second, these residues are
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conducive to turn and loop formation since glycine provides enhanced flexibility and 
proline is favorable for turn conformation (Ramachandran and Sasisekharan, 1968).
The remaining 2 amino acids of the loop sequence are asparagines. 
Asparagine is well suited for a tightly bending looping sequence because the side chain 
can hydrogen bond with the peptide backbone as well as with the solvent (Richardson 
and Richardson, 1989). Glutamine is also able to interact with the backbone. 
However, glutamine has a stronger preference for a-helix formation (Chou and 
Fasman, 1978) while asparagine favors loop formation (Leszcynski and Rose, 1986).
The sequence of amino acids in the loop was first determined by considering 
the potential stabilization of alternative secondary structures through electrostatic 
interactions. Oppositely charged residues were not placed at (/' 4- 3) or (i +  4) 
distances, as this was shown to stabilize an a-helix (Marquesee et al., 1987; 
Huyghues-Despointes et al., 1993). Also, charged residues were not placed at the 
ends of the insert sequence which could interact favorably with a potential helix dipole 
(Shoemaker et al. , 1985; Fairman et al. , 1989). It is important to consider alternative 
secondary structures since methionine favors a-helix formation according to statistical 
observations (Levitt, 1978; Chou and Fasman, 1978). Prevention of amphiphilic 
/3-sheet formation was considered by avoiding the alternation of hydrophilic and 
hydrophobic residues.
The placement of hydrophobic (methionine), polar (asparagine), and special 
amino acids (glycine and proline), was evaluated by determining the a-helix and 
/8-sheet forming potentials of various sequences according to the prediction scheme of
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Chou and Fasman (1978). The final sequence is not predicted to form either a-helix 
or /3-sheet. Three sites were selected for insertion of this sequence. The first is a 
turn region between the 8th and 9th /3-strands in the N-terminal /3-barrel structure. 
This site fortuitously contains a unique PstI restriction site. The second site, a looping 
sequence between the 7th and 8th /3-strands in the C-terminal /3-barrel, was selected 
because comparison of phaseolin to other 7S globulin sequences has shown that there 
is some variability in amino acid content and length in this region (Doyle et al., 
1986). This looping sequence contains a unique Styl restriction site in the cDNA 
sequence. The insertion of the 15 amino acid sequence into these regions tests the 
effects of converting a reverse turn into a loop structure or of the enlargement of an 
existing loop. The last site for insertion is in the 2nd a-helix which flanks the 
N-terminal /3-barrel. This site serves as a negative control since Hoffman et al. 
(1988) found that insertion into this site reduced the accumulation of phaseolin in the 
seeds of transgenic plants.
Molecular dynamics analysis of loop insertions. Molecular dynamics analysis 
reveals that the loop insert is well tolerated in turn and loop regions of the protein. 
In each case, there was very little change in surrounding regions of protein structure. 
However, insertion of the loop into N-helix-2 caused a significant disruption in the 
N-HTH motif. As shown in Figure 3.6, the greatest source of packing energy in the 
wild-type N-HTH motif is derived from the interaction of N-helix-2 and 3. Visual 
inspection of the insert region after dynamics shows that the N-helix-2 structure is 
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Figure 3.6. Disruption of helix packing interactions in the N-HTH motif by loop or 
helix inserts. The loop or helix inserts were introduced into N-helix-2 and refined by 
molecular dynamics analysis. The packing energy (dE, Kcal/mol) of helix groups in 
the N-HTH motif was calculated by subtracting the sum of the energies of two helices 
from the energy of the two helices together.
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in the packing interaction of N-helix-2 and 3 (Figure 3.6). It is therefore likely that 
the structure of this entire N-HTH domain would be disrupted. This could prevent 
proper folding of the protein, decrease structural stability, or prevent proper assembly 
of the monomer into trimers.
Modeling the Hoffman insert (Hoffman et al., 1988) suggests a somewhat 
different effect. The Hoffman insert sequence was designed to form an a-helix rather 
than a loop. This insertion would essentially extend the length of N-helix-2 by 15 
amino acids. This helical insert sequence causes the carboxyl-half of endogenous 
N-helix-2 residues to be turned out of register with respect to N-helix-3. Although 
this disrupts the normal interaction between N-helix-2 and 3, N-helix-3 is still able to 
pack along the surface of the helical insert sequence (Figure 3.6). In addition, 
molecular dynamics simulation of this structure shows that the N-linker’ sequence 
between N-helix-3 and N-helix-4 is sufficient in length to allow N-helix-4 to 
reassociate with the backside of the N-barrel. Thus it is possible that the protein folds 
properly despite the displacement and reduced stability of the N-HTH motif.
The molecular dynamics simulations of the loop insertions should be viewed 
as a very qualitative indication of the ability of phaseolin to accommodate the insert. 
The large flexibility of the insert, along with the absence of structural information, 
makes rigorous calculations of structure and stability impossible.
Discussion
Although there is no obvious structure/function relationship for seed storage 
proteins, the initial attempt to engineer phaseolin demonstrated that the structure is
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sensitive to modification. The goal of this study was to analyze the crystal structure 
of phaseolin to provide some insight into the structural properties of phaseolin as well 
as to develop simple computational procedures fast enough for workstation computers 
to calculate the effects of mutations. To accomplish this goal, I built the complete 
three-dimensional structure of phaseolin from a-carbon coordinates. This structure 
was studied in terms of domain organization, structural conservation, and relation to 
thermal stability.
Strategies for methionine enhancement were developed based on genetic 
conservation among analogous 7S globulin proteins and the structural information 
present in the three-dimensional structure. Specifically, genetically variant 
hydrophobic positions were substituted with methionine, and small methionine-rich 
inserts were targeted to surface exposed regions. Molecular mechanics calculations 
were used to simulate the mutations, and comparisons were made between the effects 
of replacing conserved vs. variant amino acids with methionine.
Structural properties of phaseolin. The primary sequence of phaseolin 
contains an internal repeat (Gibbs et al., 1989) which corresponds to a structural 
repeat in the crystal structure (Lawrence et al., 1990). This sequence and structural 
redundancy might suggest that phaseolin arose through a gene duplication event. In 
many examples of gene duplication, the original gene remains selectively conserved 
while the duplicated region has more evolutionary freedom. This observation is also 
evident in comparison of the major domains in the phaseolin repeated unit. 
Comparison of sequence similarity among 7S globulin proteins (Doyle et al., 1986)
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with structural information (Lawrence et al., 1990) reveals that the N-barrel has 52% 
conserved amino acid positions compared with 46% conserved positions in the 
C-barrel. The N-HTH has 69% conserved positions as compared to the 38% 
conserved positions in the C-HTH. One anomaly to this scheme is the comparison 
of N and C-linker regions, which are short stretches of amino acids between the barrel 
and HTH structures. The N-linker has only 38% conserved positions whereas the 
C-linker has 67% conserved positions. This might suggest that the C-linker is 
involved in a more specific structural arrangement than the N-linker.
The multiple domains present in the phaseolin protein suggest that phaseolin 
might denature one domain at a time. In this model, the denaturation of each domain 
would be dependant on the stability of individual domains, rather than stability of the 
entire structure. However, the high degree of packing interactions between phaseolin 
domains suggests that the folding and unfolding of phaseolin might occur as a highly 
cooperative process. Thermal denaturation studies of phaseolin seem to support this 
model. Circular dichroism measurement of phaseolin denaturation suggested a 
cooperative transition with a single inflection point and unfolding described by a single 
exponential (Dyer et al., 1992). This is indicative of a two state transition between 
the folded and unfolded form of the protein. This observation is supported by 
measurement of denaturation with absorbance and fluorescence anisotropy, which also 
exhibit single transitions.
However, measurements of thermal denaturation using fluorescence intensity 
indicate that the fluorescence emission signal from the single tryptophan residue could
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be quenched prior to a change in tryptophan anisotropy (Dyer et al., 1992). This 
suggests that solvent penetration occurs prior to the complete denaturation of the 
protein structure. Inspection of the structure shows that the single tryptophan residue, 
located at position 22 in the N-terminal sequence, is located in a hydrophobic pocket 
formed between the N-terminus, N-barrel, and C-barrel structures. It is likely that 
the mobility of this region (and thus solvent accessibility) increases as the temperature 
of the solution increases. This is likely to be followed by dissociation of the N- and 
C-barrels and complete denaturation of the protein structure.
Strategies for nutritional improvement o f the phaseolin seed storage protein. 
Several approaches were devised to improve the probability of successfully increasing 
the methionine content of phaseolin. First, methionine-rich insert sequences were 
targeted to surface-exposed, loop/turn regions of the protein. These regions become 
immediately apparent upon examining the 3D structure of a protein. Support for the 
toleration of inserts in these regions comes from comparison of phaseolin with other 
7S legume storage proteins (Doyle et al., 1986), which reveals that variations in 
amino acid composition and insertions or deletions are structurally correlated to turn 
and loop regions of the protein.
A second approach was to insert a much larger methionine-rich sequence into 
an amino-terminal hypervariable region of the protein. The soybean conglycinin a ’ 
storage protein shows extensive sequence similarity to phaseolin, yet has a 174 amino 
acid insert in the amino-terminal region (Doyle et al., 1986). Since sequence 
similarity implies structural similarity, these data suggest that phaseolin might also
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tolerate a large insert in this region. This amino-terminal hypervariable region is not 
well defined in the crystallographic data, and is expected to be less structured and thus 
probably not crucial for preserving structural integrity. It is therefore difficult to 
simulate mutations in this region.
A third approach for methionine enhancement is the replacement of 
structurally similar amino acids with methionine. Amino acids most similar to 
methionine are leucine and isoleucine. However, this group of amino acids might be 
expanded to include other amino acids at genetically variant sites among analogous 
sequences. For example, comparison of several sequences to phaseolin reveals that 
in some instances, small nonpolar amino acids such as valine and alanine exist as 
larger, more hydrophilic, or completely variant amino acids in other 7S globulin 
sequences (Doyle et al., 1986). This suggests that these particular amino acids may 
not be crucial for preserving structure/stability relationships of the protein.
Molecular mechanic simulation of single or multiple replacement. The 
simulation results presented here show that some differences can be detected between 
the substitution of conserved and variant amino acids to methionine. The most notable 
difference is observed for alanine, which demonstrates that replacement of conserved 
alanine positions can cause greater changes in structural energy and neighboring atom 
displacement than variant alanine substitution. In other cases, the differences between 
the replacement of conserved and variant residues are less dramatic. This is 
particularly evident for leucine, isoleucine, and valine, which exhibited little 
difference in energy between mutations of conserved and variant positions. This
89
might be attributed to the similarity in size between leucine, isoleucine, valine, and 
methionine.
The variable replacements analyzed in this study span 41 or 50 amino acids 
in each /S-barrel structure. Visualization of the substitution positions shows that these 
regions are highly clustered within the barrel structure (Figure 3.5). The analysis of 
multiple replacements in the N- and C-barrels demonstrates that the mutations can 
interact favorably or unfavorably when introduced in multiple combinations. These 
results suggest that further engineering strategies could be used to mutate neighboring 
amino acid positions to compensate for the newly introduced methionine residues. 
This type of effect has previously been observed in the packing arrangements of 
permutated lambda repressor molecules (Lim and Sauer, 1989), where mutation at one 
sight was compensated by mutation at another site such that the overall volume of the 
hydrophobic interior was preserved.
Molecular mechanic simulation of loop insertion. The results presented here 
show that the looping insert sequence is well tolerated at turn and loop regions of the 
protein. However, insertion of the loop into the a-helix region causes a significant 
disruption in the N-HTH motif. Preliminary data from our lab show that expression 
of a phaseolin cDNA bearing the insert at this position causes a complete loss of the 
gene product in E. coli. Importantly, cDNAs which have the insert at turn and loop 
regions are expressed in E. coli (Dyer, Nelson, and Murai, unpublished results). This 
suggests that expression in E. coli may serve as a sensitive bioassay for phaseolin 
stability.
90
Simulation of the helical insert (Hoffman et al., 1988) suggests that 
enlargement of the N-helix-2 may have a minimal effect on phaseolin topology, i.e., 
the N-HTH motif is displaced by the presence of the insert, however the rest of the 
protein structure is largely unaffected. Expression studies have shown that this mutant 
protein can be synthesized in transgenic plants, however the level of accumulation in 
vacuolar protein bodies is greatly reduced (Hoffman et al., 1989). Recently, I have 
found that this mutant can be successfully expressed in E. coli. This correlates well 
with my prediction that the helix insert should be tolerated fairly well whereas the 
loop insert should cause a much greater destabilization of the protein structure. 
Further characterization of these proteins is in progress and will be described in 
chapter 4.
In conclusion, the results from the simulations described in this study provide 
a means to predict the effects of replacement and insertion mutagenesis on protein 
stability. Experiments to test these predictions are aimed at studying the effects of the 
mutations on the protein structure in vitro and in vivo. I am in the process of 
constructing and expressing the replacement and insertion mutants described here. It 
is likely that the mutant proteins will exhibit various changes in structural stability. 
Expression of these mutant proteins in plants should help to define the importance of 
high structural stability for proper protein processing, transport, and deposition within 
the seed.
CHAPTER 4
EXTENSIVE MODIFICATIONS FOR METHIONINE ENHANCEMENT IN 
THE /3-BARRELS DO NOT ALTER THE STRUCTURAL STABILITY OF 
THE BEAN SEED STORAGE PROTEIN PHASEOLIN 
Introduction
Common beans are an important source of nutrition in many developing 
regions of the world (reviewed by Smartt, 1990). However, their usage as a complete 
source of protein is limited because the protein is difficult to digest and low in sulfur- 
containing amino acids. Attempts to improve methionine and cysteine content by 
breeding high protein bean cultivars have been largely unsuccessful due to the 
difficulty of increasing seed yields (Ma and Bliss, 1978).
Isolation and cloning of the cDNA for the primary seed storage protein 
phaseolin (Slightom et al. , 1983) has provided an opportunity for the development of 
genetic engineering strategies for nutritional improvement. Phaseolin is a 7S vicilin 
protein that accumulates as a trimer in the vacuolar protein bodies of developing 
cotyledons (Bollini and Chrispeels, 1978). It accounts for roughly half of the total 
seed protein content (Sun et al., 1978). Phaseolin is encoded by a small multigene 
family (Talbot et al., 1984) whose expression is temporally and spatially controlled 
(Mutschler et a l., 1980).
Crystallographic data are now available to study the 7S vicilin seed storage 
proteins (Lawrence et al., 1990; Ko et al., 1993). The phaseolin structure features 
an internal repeat consisting of a swiss-roll type /3-barrel and a helix-tum-helix (HTH)
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motif. This repeated unit is symmetrically arranged about a three-fold axis, which 
results in direct apposition of the j8-barrel structures with the HTH motifs positioned 
at the periphery. The HTH motifs of adjacent monomers are intimately associated in 
the trimeric organization of the protein (Ko et al., 1993).
The knowledge of the three-dimensional structure of phaseolin greatly enhances 
our ability to design effective engineering strategies for nutritional improvement. For 
example, surface-exposed regions may be particularly susceptible to insertion of a 
short peptide sequence. In addition, knowledge of the spatial arrangement of domains 
may identify potential "hot spots", such as the hydrophilic channel found at the center 
of the phaseolin trimer. This region contains a preponderance of genetically variant 
hydrophilic residues, which likely interact with solvent molecules.
It was initially thought that seed storage proteins would be easy to engineer 
since their primary function is to serve as a source of reduced nitrogen for the 
developing seedling. However, the insertion of 15 amino acids into an a-helical 
portion of the protein significantly reduced the accumulation of phaseolin in the seeds 
of transgenic plants (Hoffman et al., 1988).
Our laboratory has been interested in developing techniques to study 
nutritionally enhanced seed storage proteins prior to expression in plants. I reasoned 
that proteins that are most similar to the wild-type protein should have the best chance 
to survive the process of accumulation in the seeds of transgenic plants. Initially, I 
developed a set of biophysical probes that could be used to determine the stability of 
the phaseolin protein (Dyer et al., 1992). These results demonstrated that phaseolin
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has exceptional structural stability. The protein remained kinetically stable in 6 M 
guanidinium chloride up to 65 °C.
I also utilized molecular mechanic calculations to evaluate several strategies 
for methionine enhancement of phaseolin. To accomplish this goal, I generated the 
complete three-dimensional structure of phaseolin from a-carbon coordinates (Dyer 
et al., 1993a). The two major strategies included replacement of genetically variant 
hydrophobic residues with methionine in the /8-barrels of the phaseolin and insertion 
of methionine-rich looping sequences into turn/loop and ot-helix regions of the protein. 
Molecular mechanic analysis was used to evaluate the changes in structural stability 
and topology induced by these mutations.
Here, I have extended these studies by analyzing the effects of the simulated 
mutations in vivo using an E. coli expression system. Methionine-rich inserts as well 
as replacement sequences were introduced into the phaseolin cDNA. In addition, a 
large, methionine-rich domain of the Brazil nut seed storage protein (Ampe et al., 
1986; Altenbach et al., 1987) was inserted into the phaseolin hypervariable region. 
Combinatorial arrangements of the mutations were used to test the effects of multiple 
mutations as well as generate maximal enhancement of methionine content.
Proteins of expected size were observed in all cases except for negative 
controls, which were rapidly degraded in E. coli. Thermal and urea denaturation of 
purified proteins demonstrated that phaseolin tolerates extensive modifications for 
methionine enhancement in each of the /8-barrel structures without any apparent loss 
of structural stability. Moreover, denaturation of the cloned proteins is a reversible
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event, which allows for a careful thermodynamic analysis of the effects of 
mutagenesis. Differences in the E. coli expressed protein and the native phaseolin 
protein isolated from common beans are discussed.
Materials and Methods
Chemicals and enzymes. Restriction enzymes, T4 DNA polynucleotide kinase, 
Klenow fragment, T4 DNA polymerase, T4 DNA ligase, calf intestine alkaline 
phosphatase, and Sequenase were purchased from Biolab, Bethesda Research 
Laboratories (BRL), or United States Biochemical and were used as specified by 
suppliers. Ultra pure, enzyme grade urea was purchased from BRL. DNA restriction 
fragments were purified using the Mermaid or Geneclean Kits (Bio 101). DNA 
sequence analysis was performed using di-deoxy sequencing techniques (Sanger et al. , 
1977). All protein determinations were performed using the Bradford assay with BSA 
as a standard (Bradford, 1976).
Special vectors. Plasmid flow charts of all vector construction appear in 
Appendix C. A customized polylinker cloning region was constructed in pBluescript 
KS' for the construction of the large N-terminal insert and the N- barrel replacement 
sequence. A synthetic oligonucleotide (PSP-26) was synthesized which included 
BssHII, BspEI, and BstEII cloning sites (Appendix D). The ends of this 
oligonucleotide are complementary to Spel and SacI overhanging ends. pBluescript 
KS' was digested with Spel and SacI, CIAP treated, and purified by electrophoresis 
and Geneclean elution. The vector and oligonucleotide were annealed from 65 to 
10°C at 1:1 molar concentration. The synthesis of the opposite strand and ligation
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were performed by using conditions described for site-directed mutagenesis (Kunkel, 
1985; Kunkel et al., 1987). The correct clone (pKS-3B) was identified by restriction 
and sequence analyses.
A pBluescript KS' vector was constructed that lacked Xbal and Spel sites by 
cutting with the respective enzymes, blunt-ending with Klenow fragment, and 
religating the DNA. The resulting vector is called pKS-XS'.
Vector construction. To generate a vector that was suitable for my cloning 
experiments, the cDNA of phaseolin was reconstructed in a pBluescript KS" vector 
which lacked PstI and Styl cloning sites. Initially, a partial cDNA sequence of 
phaseolin was obtained by cloning a 1.3 kb EcoRI/Nsil restriction fragment of plasmid 
pPhcDNA31 (kindly provided by J.L. Slightom) into the EcoRI/PstI sites of 
pBluescript KS' to generate clone pKS-1.3. This effectively eliminated the PstI site 
in the polylinker. The 5’ end of the phaseolin cDNA was then obtained by subcloning 
a Hindlll/EcoRI restriction fragment from pJ12PB (Dyer and Murai, 1991) into the 
Hindlll/EcoRI sites of pKS-1.3. The new plasmid was called pKS-1.6.
A Hindlll/BamHI fragment of pKS-1.6, which contains the entire cDNA, was 
cloned into the Hindlll/BamHI sites of pKS-XS" to generate clone pEP°. To remove 
additional PstI and Xbal sites from the polylinker, the 5’ end of the cDNA was 
digested with Hindin and Bglll, filled in with Klenow, and religated to give the 
plasmid pEP. These cloning steps ensured that the PstI, Xbal, and Spel sites, which 
were all utilized for methionine enhancement, were unique cloning sites within the 
vector.
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In addition, four unique restriction sites were introduced into the phaseolin 
cDNA to facilitate cloning of the modifications for methionine enhancement. To 
generate a vector appropriate for site-directed mutagenesis, the plasmid pKS-1.3 was 
digested with Xbal. This cuts at the internal Xbal site as well as an Xbal site in the 
3’ poly linker region. The vector fragment was isolated, purified, and religated to 
generate clone pEX, which spans the EcoRI-Xbal region of the cDNA.
pEX was transformed into E. coli strain CJ236 for the recovery of uracil 
containing single stranded (ss) DNA. Three primers (BspEI-PSP12, BssHII-PSP13, 
and BstEII-PSP14) were annealed to the ssDNA to generate all 3 restriction sites from 
one site-directed mutagenesis reaction (Kunkel, 1985; Kunkel et al., 1987). A 
positive clone (pEX-3B) was identified by restriction and di-deoxy sequence analyses. 
Introduction of the BspEI site changed glutamate 5 to serine; BssHII changed 
isoleucine 83 to leucine; and BstEII changed asparagine 121 to threonine.
In addition, the pEX construct was transformed with only the BspEI primer to 
generate clone pEX-B. This region was transferred back into the cDNA by 
subcloning an EcoRI/PstI fragment into the EcoRI/PstI sites of pEP to generate clone 
pTAM-B. A BspEI/BamHI fragment was subcloned into the BspEI/BamHI sites of 
pMat-2 (see below) to generate clone pMat-1.
A second region of the cDNA, which spanned two SacI sites (815 and 1106 
bp), was cloned into the SacI site of pBluescript KS" to create the plasmid pSSac. An 
Nhel site was introduced at the 858 bp position by using site-directed mutagenesis
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(PSP-15 primer). A positive clone (pSSac-lN) was identified by restriction and 
sequence analysis. The introduction of the Nhel site changed threonine 312 to serine.
Small insert construction. The methionine-rich, looping insert sequence was 
constructed using de novo design principles (Dyer et al., 1993a). The sequence is 
Asp-Met-Lys-Gly-Met-Met-Asn-Lys-Asp-Met-Pro-Met-Asn-Asp-Ser. This sequence 
was targeted to turn, loop, and helix regions of the protein. The turn region contains 
a PstI site in the cDNA, the loop region a Styl site, and the helix an Xbal site. The 
insert sequences were constructed with overlapping deoxyribonucleotide sequences 
(purchased from Oligos Etc. Inc.). The inserts differ only in the 5’ and 3’ ends, 
which are tailored for cloning into the respective restriction sites. The 
oligonucleotides for the PstI insert (PSP-16,17,18,19,30, and 31), Styl insert (PSP- 
16,23,24,25,34, and 35), and Xbal insert (PSP-16,20,21,22,32, and 33) were 
phosphorylated as described by Maniatis et al., (1982) and diluted to 50 /ng/ml. The 
insert was cloned into the Styl site by annealing the oligonucleotides from 65 to 8°C 
in the presence of Styl-digested, CIAP-treated pSSac-lN vector DNA (1:2 vector to 
insert molar ratio). The annealing reactions were ligated overnight at 8°C and 
transformed into the E. coli strain XL 1-Blue. A positive clone (pSSac-lNsty) was 
identified by restriction and sequence analyses.
The SacI/SacI fragment of pSSac-lNsty was subcloned back into the SacI/SacI 
sites of pEP to generate clone pEP-1 Nsty. The EcoRI/Xbal region of pEX-3B was 
cloned into the EcoRI/Xbal sites of plasmid pEP-1 Nsty to produce clone pTAM-Sty. 
Digestion of this plasmid with Styl liberated the Styl insert sequence. Isolation and
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ligation of the vector DNA generated the intact phaseolin sequence plus the 4 
additional unique restriction sites (pTAM).
The PstI insert was constructed as described above in the PstI site of 
pBluescript KS'. Positive clones (pKS-Pst) were identified by restriction and sequence 
analysis. The PstI insert was then subcloned into the PstI site of pTAM-Sty and 
analyzed by sequence analysis to determine copy number and orientation. Two clones 
were obtained which contained either one copy (pTAM-PS) or two copies of the small 
insert sequence (pTAM-PPS). Both copies of the loop sequence in pTAM-PPS were 
in the correct orientation. pTAM-PPS and pTAM-PS were digested with Styl, and 
the vector was isolated and religated to give the clones pTAM-PP and pTAM-P, 
respectively.
The Xbal insert was constructed in the Xbal site of pBluescript KS" to give 
clone pKS-X. The Xbal insert was subcloned directly into the Xbal site of pTAM. 
Restriction and sequence analysis using the PSP-14 primer were used to identify clone 
pTAM-X, which contained a single copy of the Xbal insert sequence.
Removal of the phaseolin signal sequence for expression in E. coli. To 
facilitate production of soluble phaseolin in the E. coli cytosol, the 5’ end of phaseolin 
was reconstructed so that translation could begin at the first residue of the mature 
phaseolin protein. The 5’ end of the cDNA and the signal sequence was removed 
from plasmid pTAM by digesting with Xhol (in the polylinker of pKS ) and BspEI. 
Two synthetic, annealed oligonucleotides (PSP-40 and 41) were cloned into the 
XhoI/BspEI sites to generate clone pMat-2 (Mature). The reconstructed region
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includes an inframe EcoRI site immediately upstream of the mature sequence. This 
site was used for cloning into pMalcRI, which produces a fusion with the maltose 
binding protein. This cloning resulted in the addition of an isoleucine, serine, 
glutamate, and phenylalanine peptide to the N-terminus of the mature protein 
sequence. An Ncol site was also included in the synthetic linker for potential usage 
as an ATG initiation codon.
The 5’ end of all pTAM plasmids was reconstructed by transferring a 
BspEI/BamHI fragment to pMat-2. The cDNA was subcloned from pMat vectors into 
the pMalcRI vector using EcoRI and BamHI restriction sites.
Construction of the Hoffman insert sequence. The oligonucleotides for the 
Hoffman insert (PSP-62 and 63) were phosphorylated and diluted as described above. 
The annealed fragment, which has Xbal competent ends, was subcloned into the Xbal 
site of pMat-2. The Xbal site was eliminated on the 3’ end to permit rapid 
identification of insert orientation by using restriction mapping analysis. The final 
sequence was confirmed using sequence analysis.
Large insert construction. Each of the four fragments of the large insert were 
generated by annealing of synthetic oligonucleotides. Optimal annealing conditions 
were from 90 to 60°C. Fragment I (oligonucleotides PSP-48 and 49) was cloned into 
the BspEI and PstI sites of pMat-8 to give pMat-8-I. A three fragment ligation was 
performed using fragments II (PSP-50 and 51), III (PSP-52 and 53), and a pKS-3B 
vector that was digested with PstI and Clal to generate clone pKS-3B-II/III. Fragment 
4 was subcloned into the Clal/BspEI sites of pKS-3B-II/III to generate
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pKS-3B-II/III/IV. All fragments were confirmed with restriction and sequence 
analyses. A three fragment ligation was then performed using fragment I, II/III/IV, 
and a pMat-2 vector that was digested with BspEI. The correct clone (pMat-21) was 
identified by restriction analysis.
The introduction of the PstI site had no effect on amino acid composition, 
whereas introduction of the Styl site caused an ArgU2 -»■ Lys substitution and the Clal 
site caused an Arg129 -* Met mutation. Neither Arg position is conserved in analogous 
protein sequences (Altenbach et al., 1987).
Construction of N- and C-barrel replacement sequences. The replacement 
sequences were built by synthetically reconstructing the restriction fragments in the 
N- (BssHII - BstEII) and C-barrel (Spel - Nhel) regions. For the N-barrel sequence, 
4 oligonucleotides (PSP-46,47,56, and 57) were annealed from 96 - 60°C in a closed 
styrofoam container, and then cloned into a Smal/CIAP treated pBluescript KS' 
vector. A clone with the correct sequence from the PstI to BstEII site was obtained, 
and subcloned into the Pstl/BstEII site of vector pMat-2 to give clone pMat-11.
A second clone was identified which was perfect throughout the N-barrel 
replacement region, but was missing an ATG codon. This codon was introduced into 
the sequence by using site-directed mutagenesis (oligonucleotide PSP-68). The correct 
clone (pKS-NlOM) was verified by di-deoxy sequence analysis. The complete 
N-barrel replacement sequence was cloned into the BssHII/BstEII sites of pMat-2 to 
generate clone pMat-12. A Pstl/BamHI fragment of pMat-2 was subcloned into the 
Pstl/BamHI positions of pMat-12 to generate pMat-10.
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The C-barrel replacement sequence was synthesized using 4 oligonucleotides 
(PSP-64,65,66, and 67). The annealing of oligonucleotides 64 and 65 generates a 
double stranded DNA fragment with Spel/Styl competent ends. The annealed 
fragment was subcloned into the Spel/Styl sites of pSSaclN to generate the first part 
of the C-barrel mutations. After verification with sequence analysis, this region was 
transferred to the cDNA by subcloning the Spel/Nhel restriction fragment into the 
Spel/Nhel sites of pTAM. The resulting plasmid was called pTAM-C4M.
The second part of the C-barrel mutations was created by annealing 
oligonucleotides 66 and 67 and cloning into the Styl/Nhel sites of pTAM. The correct 
clone (pTAM-C6M) was verified with restriction and sequence analysis. A 
Styl/BamHI fragment was subcloned from pTAM-C6M to pTAM-C4M to generate 
the clone pTAM-ClOM, which contains all of the C-barrel replacement sequence.
A negative control construct was created by digestion of pTAM-ClOM with 
Spel and Nhel, which flank the C-barrel replacement sequence. Since these restriction 
enzymes produce complementary overhanging ends, ligation of the digested products 
results in the cloning of the C-barrel replacement sequence in either the correct or 
reverse orientation. The reverse orientation negative control was verified by 
restriction mapping.
Construction of combinatorial mutations. The N- and C-barrel replacement 
sequences were combined by cloning the EcoRI/Xbal fragment of pMat-12 into 
pMat-15 to create construct pMat-17. The N-barrel replacement region was subcloned 
into a construct containing a single copy of the loop sequence by transferring a
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BssHII/BstEII fragment from pKS-NlOM to pMat-7 to generate pMat-18. Likewise, 
an Xbal/BamHI fragment was subcloned from pMat-15 to pMat-3 to generate clone 
pMat-19, which contained one copy of the loop and the C-barrel replacement 
sequence.
The final replacement/small insert combination was constructed by initially 
subcloning the small insert sequence from pKS-Pst into the PstI site of pMat-12 to 
generate clone pMat-12-Pst. This placed the small insert sequence within the PstI site 
of the N-barrel replacement sequence. Likewise, the Styl insert was cloned into the 
Styl site of pTAM-ClOM to create clone pTAM-ClOM-Sty. An Xbal/BamHI 
fragment was subcloned from pTAM-C lOM-Sty into the Xbal/BamHI sites of 
pKS-12-Pst to create clone pMat-20.
A construct with maximal loop insertions was created by cloning the 
EcoRI/BssHII fragment of pMat-21 into the EcoRI/BssHII sites of pMat-7 to create 
clone pMat-22. The large insert was also combined with the N- and C-barrel 
replacement sequences by transferring the EcoRI/BssHII of pMat-21 to pMat-17 to 
generate clone pMat-23. Finally, the large insert was transferred to clone pMat-20 
by subcloning an EcoRI/BssHII fragment, which resulted in clone pMat-24.
Expression of phaseolin in E. coli. Phaseolin was expressed in E. coli by 
using the maltose binding fusion protein system (New England Biolabs). All cultures 
contained 100 fig/ml ampicillin. E. coli cells (XL 1-Blue) harboring the phaseolin 
fusion plasmid were grown overnight in 2 ml of Luria broth (per liter: 10 g Bacto 
Tryptone, 5 g yeast extract, 5 g NaCl, and 2 g glucose). The starter culture was
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transferred to 200 ml rich broth and grown at 37°C to — 0.5. Cells were 
incubated for 10 min with gentle shaking in a water bath to equilibrate to room 
temperature.
The cultures were induced with 0.3 mM IPTG, and incubated for 1 hr at room 
temperature (24 °C) at approximately 200 RPM in a Gyrotory water bath shaker, New 
Brunswick Scientific. Cells were rapidly chilled on ice and harvested by 
centrifugation at 4000xg for 10 min. The pellet was resuspended in 15 ml of lysis 
buffer (10 mM phosphate, 30 mM NaCl, 0.25% Tween 20, 10 mM EDTA, 10 mM 
EGTA, pH  7.0) and transferred to a roundbottom, screwcap polypropylene centrifuge 
tube. Freshly prepared lysozyme was added to 1 mg/ml, and samples were kept on 
ice for 20 min. Cells were sonicated 5 times at 50% output by using an intermediate 
sized probe on a Fisher sonic dismembrator, model 300. 5 M NaCl was added to a 
final concentration of 0.5 M. Cell debris was pelleted by centrifugation at 9000xg for 
20 min. The supernatant, which contained soluble phaseolin fusion protein, was 
diluted 1:5 with column buffer (10 mM phosphate, 0.5 M NaCl, 1 mM azide, 1 mM 
EGTA, pH 7.0) plus 0.25% Tween 20.
The phaseolin fusion protein was purified using amylose affinity 
chromatography. The column was prepared by adding amylose resin (New England 
Biolabs) to a Biorad Econo-Pac column, with a final bed volume of approximately 5 
ml. The column was washed with 1 volume of column buffer and 3 volumes of 
column buffer plus 0.25% Tween 20. The diluted extract was then added to the 
column at a flow rate of approximately 1 ml/min. Upon completion, the column was
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washed with 3 volumes of column buffer plus 0.25% Tween 20 and 5 volumes of 
column buffer.
Phaseolin was cleaved directly off of the column by addition of 20 /ig of 
Factor Xa in 2.48 ml of column buffer (1:100 phaseolin to enzyme ratio). Cleavage 
was facilitated by incubating the closed column overnight in a slowly rotating 
incubator at room temperature. Phaseolin was eluted by collecting 12, 1 ml fractions 
off of the column. The samples were concentrated and suspended in PBS buffer by 
using a Centricon 30 filtration unit. The yield of this procedure is approximately 3 
to 5 mg of phaseolin per liter of cells.
Denaturation of native and modified phaseolin proteins. Thermal denaturation 
of phaseolin was monitored with an AVIV 62DS circular dichroism (CD) 
spectrometer. Phaseolin was dissolved in PBS buffer to a final concentration of 50 
/ig/ml and equilibrated to 20°C in the chamber of the CD. The sample was heated 
from 20 to 90°C by 2 degree increments. The ellipticity at 220 nm was measured 
at each temperature, with an equilibration time of 1 minute 
and averaging time of 10 seconds. Tm values represent the midpoint of denaturation, 
which is accurate to plus or minus 1°C.
For urea denaturation, phaseolin was diluted to a final concentration of 50 
/ig/ml in a solution containing 0 to 6 M urea and enough PBS concentrate to bring the 
final concentration to IX PBS. Initially, solutions containing 1 M increments were 
tested to determine the appropriate concentration of urea that was sufficient to 
denature the protein. The solutions were equilibrated for 2 hrs at room temperature
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(23°C), and the CD spectrum was recorded from 270-200 nm, with a 0.5 nm stepsize 
and 1 sec averaging time.
To determine the reversibility of phaseolin denaturation, phaseolin was diluted 
in 3 M urea, IX PBS, at a final concentration of 100 /xg/ml (denaturing conditions). 
After incubation at room temperature for 30 min, an aliquot of the solution was 
diluted with an equal volume of IX PBS buffer to give a final concentration of 1.5 M 
urea (native conditions). After incubation for another 30 min, the CD spectra of the 
3 M and 1.5 M solutions was recorded as described above. Reversibility was 
confirmed by an overlay of the 1.5 M spectrum with the spectrum of phaseolin in the 
absence of urea.
Additional concentrations of urea were prepared to collect more points in the 
transition region (between 2 and 3 M urea). For a more careful analysis of urea 
denaturation, the signal intensity of each sample at 220 nm was collected at 1 sec 
intervals over a 60 sec period. A representative value was generated by averaging the 
data. The values were corrected for baseline differences by subtracting the signal 
intensity at 270 nm. The curve of urea vs signal intensity was fit with a nonlinear 
least squares fit to the data.
Results
Strategies for methionine enhancement of phaseolin. Three different types of 
modifications were tested to determine which strategy would be most effective for 
increasing the methionine content of phaseolin. The first strategy featured the 
substitution of variant, hydrophobic residues with methionine within each of the
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/3-barrel structures. The selection of residues for replacement with methionine within 
each /3-barrel was previously described (Dyer et al. , 1993a). As shown in Figure 4.1, 
10 residues in each /3-barrel were selected for replacement with methionine. 
Molecular simulation of the replacements on the three-dimensional structure of 
phaseolin (Dyer et al., 1993a) revealed that the substitution sites were located almost 
exclusively within the core of the /3-barrel structures, and not at the interface region 
between the barrels.
Since each region contains 10 substitutions with methionine, I chose gene 
construction over site-directed mutagenesis for mutating the cDNA. Briefly, this 
procedure involves the excision of a restriction fragment from the cDNA and 
replacement with a synthetic fragment that contains the desired substitutions. Unique 
restriction sites were introduced into the phaseolin cDNA to delimit each replacement 
sequence. The N-barrel sequence is defined by BssHII and BstEII sites, and the 
C-barrel sequence is delimited by Spel and Nhel sites (Figure 4.1).
An internal restriction site (N-barrel PstI; C-barrel Styl) was used to subclone 
portions of the modified restriction fragment with parts of the wild-type sequence to 
generate subsets of the 10 replacements. The replacement regions were also cloned 
into the same cDNA sequence to generate a mutant protein with 20 methionine 
substitutions.
The second type of modification features a short, methionine-rich sequence 
targeted to surface-exposed regions of the protein. The insert sequence was designed 
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ATG CCT GCA GGA ACC ATG ATG TAT ATG GTT ACC CCT
TAC GGA CGT CCT TGG TAC TAC ATA TAC CAA TGG GGA
Figure 4.1. Diagram of the N-barrel (a) and C-barrel (b) replacement sequences. 
Wild-type (top) and mutant (bottom) amino acid sequences are listed. Amino acid 
positions are numbered according to the mature phaseolin sequence (after signal 
peptide cleavage). Residues replaced with methionine are underlined. Residues 
changed by site-directed introduction of restriction sites are in italics. Synthetic 
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109
structure (Dyer et al., 1993a). Three sites were selected for insertion of this 
sequence. The first is a turn region between the 8th and 9th /3-strands in the 
N-terminal /3-barrel. This region contains a unique PstI site in the cDNA sequence.
The second site is a large looping sequence between the 7th and 8th /3-strands 
in the C-terminal /3-barrel. This site was selected because comparison of homologous 
sequences to phaseolin has shown that there is some variability in amino acid content 
and length in this region (Doyle et al., 1986). This looping sequence is defined by 
a unique Styl site in the cDNA sequence. The insertion of the small insert into these 
regions tests the effects of changing a turn into a loop structure and also the 
enlargement of an existing loop.
The last site for insertion of the loop sequence is in the 2nd a-helix of the 
N-terminal helix-tum-helix (HTH) motif (Figure 4.2). This site serves as a negative 
control since Hoffman et al. (1988) found that insertion into this site disrupts the 
process of phaseolin accumulation in the seeds of transgenic plants. As an additional 
negative control, I reconstructed the original Hoffman insert sequence, which is 
predicted to form an a-helix instead of a looping structure. These two negative 
controls test the effects of inserting a loop sequence vs. a helical sequence into an 
a-helical structure.
The last type of mutation involves the insertion of a large, methionine-rich 
domain into the N-terminal, hypervariable region of the protein. Comparison of the 
amino acid sequence of the 7S proteins of French bean (phaseolin, /3-subunit) and 
Soybean (/3-conglycinin, a ’ subunit) has shown that the proteins share extensive
165 1 6 6  167
l i e  Leu A sp Met L ys G ly  M et M et A sn L ys A sp Met P ro  M et A sn A sp Leu G lu
PSP-20 __________________PSP-16____________________  PSP-33
ATT 1CTA GAT ATG|AAA GGA ATG ATG AAC AAA GAT ATG CCA ATG AAc 1gAt | cTA GAG
TAA GAT CfTA TAC TTT CCjr TAC TAC TTG TTT CTA 1 TAC GGT TAC TTG CTA AGA CTfc
PSP-21 PSP-32 PSP-22
165  166  167
l i e  Leu A sp G in  M et A rg  M et M et A sp  G in  Met A rg M et M et A sp V a l Leu G lu
PSP-62
ATT ICTA GAC CAG ATG AGA ATG ATG GAC CAG ATG AGG ATG ATG GAC GTC|CTA GAG 
TAA GAT ctTG GTC TAC TCT TAC TAC CTG GTC TAC TCC TAC TAC CTG CAG GAT Clfc
PSP-63
Figure 4.2. Small methionine-rich insert sequences. The top sequence was designed from de novo 
design principles to form a hydrophilic loop (Dyer et al., 1993a). The sequence, which is tailored for 
insertion at the Xbal site, is representative of the loop insert sequence. The lower sequence is predicted to 
form an a-helix (Hoffman et al., 1988). Methionine residues are underlined. Amino acid positions are 
numbered according to the mature amino acid sequence. Synthetic oligonucleotides are boxed and named 
as described in Appendix C.
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homology (Doyle et al., 1986). The major difference in size between the two proteins 
is due to the insertion of 174 amino acids into the N-terminal region of the 
j8-conglycinin sequence. The conservation of amino acid sequence between phaseolin 
and conglycinin suggests that these two proteins are also probably conserved with 
respect to tertiary structure. It follows that phaseolin might be able to tolerate a 
similar large insertion in the N-terminal hypervariable region. It must be kept in mind 
that the conglycinin insert is probably not a randomly oriented structure, but is more 
likely a discretely folding domain that exists passively with the rest of the protein. 
Inspection of the hypervariable region in the crystal structure of phaseolin (Lawrence 
et al. , 1990) shows that this position is located in a cleft formed between two large 
/3-barrel domains. It is conceivable that a small peptide domain could reside in this 
position with minimal interference in packaging and assembly of trimers.
With these considerations in mind, I selected the 9 kd, methionine-rich domain 
of the Brazil nut seed storage protein (Ampe et al., 1986; Altenbach et al., 1987) for 
insertion into the hypervariable region of the phaseolin sequence. The insert was 
synthetically reconstructed to include codon preferences for expression in the common 
bean, internal restriction sites to simplify cloning, and flanking BspEI sites for cloning 
into a BspEI site that was introduced into the hypervariable region of the phaseolin 
cDNA (Figure 4.3).
The three types of modifications were cloned together to test the effects of 
combinatorial arrangements of the mutations as well as generate maximal enhancement 
of methionine content (Figure 4.4). Methionine enhancement ranged from 5 to 45 residues.
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3
L eu A rg  
BspEI
S e r G ly  M et G lu  P ro  
PSP-48
H is M et S e r G lu Cys G lu G in
Clio CGG AGC GGA ATG GAG CCT CAC ATG TCT GAG TGC TGC GAG CAA
GAG GCC TCG CCT TAC CTC GGA GTG TAC AGA CTC ACG ACG CTC GTT
PSP-49
Leu G lu G ly M et A sp G lu S e r c a a
PstI
A rg C ys G lu  
PSP-50
G ly  Leu A rg M et
CTT GAG GGA ATG GAT GAG TCC TGC Ĵgg TGC GAG GGA CTT AGG ATG
GAA CTC CCT TAC CTA CTC a g g | ACG TCC ACG CTC CCT GAA TCC TAC
PSP-51
M et M et Mat A rg  Met G in G in G lu G lu Met G in P ro  L ys  
Styl
G ly G lu
ATG ATG ATG AGG ATG CAA CAA GAG GAG ATG CAA Cdc AAG GGA GAG
TAC TAC TAC TCC TAC GTT GTT CTC CTC TAC GTT GGG TTC CCT CTC
G in M et A rg  
PSP-52
A rg Met Mat A rg Leu A la G lu A sn H e P ro S e r
Clal
Mat
CAA ATG AGG AGG ATG ATG AGG CTT GCA GAG AAC ATT CCA t|cg ATG
GTT TAC TCC TCC TAC TAC TCC GAA CGT CTC TTG TAA GGT AGC I TAC
PSP-53
C ys A sn  Leu  
PSP-54
S e r P ro Mat A rg C-V.3 P ro M et G ly G ly S e r l i e A la
TGC AAC CTT TCT CCT ATG AGG TGC CCT ATG GGA GGA TCT ATT GCA
ACG TTG GAA AGA GGA TAC TCC ACG GGA TAC CCT CCT AGA TAA CGT
PSP-55
4 5
G ly  P h e A rg  S e r  
BspEI 
GGA Tlfc CGG AGC 
CCT AAG GCClTCG
Figure 4.3. Diagram of the large insert sequence. The amino acid sequence 
represent the 9 kd domain of the Brazil nut seed storage protein. Methionine and 
cysteine residues are underlined. Synthetic oligonucleotides used in construction of 
the sequence are boxed and labeled according to the oligonucleotide name (Appendix 
D).
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Plasmid construct: Phaseolin cDNA Met. Expression
pMal-PFl (WT) i —       —i - +
* * * * 
pMal-PF2 i — —i  - +
pMal-PF3 — r:— ^  — —  i 5 +
pMal-PF4 — 1 ^  -1 5 +
pMal-PF5 — L_Z1-   —_ I_____  10 +
pMal-PF6  t::. ... ^  ^  1 10 +
PMai-PF7 - - r::— ;; ■-■ ^ ----------1-------- 15 +
pMal-PF8 (loop) 1 —1 5
pMal-PF9 (helix) - » ^    1 5 +
pMal-PFlO — 1"'  T 1    I 7 +
pMal-PFl 1 — i------ t - t .  -   L  I-------- 3 +
pMai-PFi2 — r7 = m w m m m " ::: ~ 1_____  10 +
pMal-PFl 3 1 ' nvwar" 1  4 +
pMal-PF14 — 1 ■ pk.wai 1_____  6 +
pMal-PF15 — — 1 10 +
pMal-PF16(Neg.) — I —  v/s/sw / w  ■ 1
pMal-PF17  tTOTOAWI ' 1  20 +
pMal-PF18 c r m » « y  -  i 15 +
pMal-PF19  i  i 15 +
pMal-PF20   i w ^ vvxvi i 30 +
pMal-PF21 ~ T  ' ~ i_____ 15 +
pMal-PF22 — ~ — ■ ^   1 30
pMal-PF23 — t t w r n u  i 35
pMal-PF24................................................. _  1 45
Figure 4.4. High-methionine phaseolin constructs. * represents BspEI, BssHII, 
BstEII, and Nhel restriction sites, respectively. Small triangles represent a monomer 
of the loop insert, medium triangles a dimer of the loop insert, and the large triangles 
the 9 kd domain of the Brazil nut seed storage protein. Hatched regions represent 
replacements in the N-barrel (left side) or C-barrel (right side). The number of 
methionines introduced by the mutations is listed in the Met. column. Presence or 
absence of the fusion protein after induction with IPTG is shown in the Expression 
column.
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Expression of native and modified phaseolin proteins in E. coli. Phaseolin was 
expressed in E. coli by using the maltose-binding fusion protein system (New England 
Biolabs). To facilitate production of soluble phaseolin, the signal sequence of 
phaseolin was removed by reconstructing the 5’ end of the cDNA. The reconstructed 
end includes an EcoRI site, just upstream of the mature protein sequence, which is 
used for cloning into the maltose binding protein expression vector (Figure 4.5). The 
expression of the fusion proteins was initially evaluated by inducing the cells with 
IPTG, harvesting after 2 hr incubation at 37°C, and analyzing total protein on a 10% 
SDS-PAGE. As shown in Figure 4.6, proteins of expected sizes (approximately 87 
kd) are obtained for all constructs bearing loop or replacement modifications except 
for negative control constructs.
The first negative control (pMal-PF8) has a single copy of the methionine-rich 
loop sequence inserted into the second helix of the N-terminal helix-tum-helix (HTH) 
motif. Molecular dynamics analysis of this structure showed the insert essentially 
abolishes the helical structure of the second helix (Dyer et al., 1993a). Since this 
helix is an integral part of the native N-HTH motif, loss of this element is likely to 
prevent proper folding of the phaseolin protein. Time course studies on the 
expression of this construct failed to detect any protein even at the earliest times of 
the analysis (data not shown). It is likely that the mutant protein is rapidly degraded 
by protease activity (Parsell and Sauer, 1989).
Interestingly, a protein of expected size is observed for pMal-PF9, which has 

















L eu V a l l i e —.Glu G ly  A rg  l i e  S e r  G lu  P he T hr S e r  L eu A rg S e r
r-E coR I -i r  B sp E I “I
m a l E . . .  CTC GTG ATC GAG GGA AGG ATT TCA GAA TTC ACT TCA CTC CGG AGC 
GAG CAC TAG CTC CCT TCC TAA AGT CTT AAG TGA AGT GAG GCC TCG
Figure 4.5. Expression plasmid for the production of maltose-binding/phaseolin 
fusion protein. The wfl/E-phaseolin fusion gene is under the control of the strong, 
inducible Ptac promoter. The lac repressor gene (lacl) is included to keep expression 
from Ptac low prior to IPTG induction. The fusion region between the maltose- 
binding coding sequence and the phaseolin cDNA is shown. The signal peptide of 
phaseolin was removed and an EcoRI site was added by reconstructing the 5’ end of 
the cDNA (see Materials and Methods). Cleavage of fusion protein with factor Xa 
adds an additional 4 amino acids to the N-terminus of phaseolin.
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Figure 4.6. Expression of high-methionine phaseolin fusion proteins in E. coli. E. 
coli cells harboring phaseolin expression plasmids (Figure 4.4) were induced with 0.3 
mM IPTG and grown for 2 hrs at 37°C. Total protein was analyzed by SDS-PAGE 
and coomassie staining. The molecular weight of the phaseolin fusion protein 
(without inserts) is approximately 87 kd. Panel (a) represents clones 1 - 9, (b) is 10 - 
19. M is molecular weight marker.
b
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correlates with computer modelling analysis of the inserts, which demonstrated that 
insertion of the helical insert into the endogenous helix might cause much less 
structural perturbation than insertion of the loop into the helix region. The helical 
insert was previously used in an attempt to increase the methionine content of 
phaseolin (Hoffman et al., 1988). However, expression of the modified gene in 
transgenic tobacco demonstrated that the protein was transported into the endoplasmic 
reticulum (ER) and assembled into trimers, but was degraded prior to reaching its 
final destination in the vacuolar-derived protein bodies. Purification and 
characterization of the E. coli produced protein may provide insight to structural 
changes that might be responsible for its susceptibility to proteolysis.
The second negative control (pMal-PF16) features the C-barrel replacement 
region cloned in the reverse orientation, which results in 50 amino acid replacements 
(Dyer et al., 1993a). The mutant sequence contains a greater percentage of 
hydrophobic amino acids and has an altered propensity for turn formation. It is likely 
that this mutation also disrupts protein folding, which renders the protein susceptible 
to proteolytic degradation.
The severity of the negative control mutations is highlighted by the observation 
that the complete fusion protein, and not just phaseolin, is abolished within the cells. 
These results suggest that expression in E. coli may serve as a rapid and sensitive 
bioassay for the structural integrity of modified phaseolin proteins.
Expression of clones bearing the large insert in the hypervariable region of 
phaseolin were more problematic than proteins with loop and replacement
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modifications. The large insert sequence encodes the 9 kd fragment of the 2S albumin 
Brazil nut seed storage protein (Ampe et al., 1986; Altenbach et al., 1987). This 
fragment contains 15 methionine residues and 6 cysteine residues, which are involved 
in disulfide bond formation in the mature protein. Since disulfide bonds do not form 
well in the E. coli cytosol (Takagi et al., 1988), it is likely that this domain is not 
properly folded or stabilized. Only very small amounts of fusion protein could be 
detected, even after prolonged time course analysis (data not shown).
Since all other constructs were expressed at very high levels, it is likely that 
the majority of the large insert/phaseolin fusion protein was susceptible to degradation. 
I am currently attempting to circumvent these difficulties by reconstructing the 
remaining sequences of the Brazil nut protein (3 kd N-terminal fragment) to test 
expression and folding without fusion to phaseolin and targeting the fusion protein to 
the periplasmic space, which promotes proper folding and disulfide bond formation 
for some proteins (Hsiung et al., 1986; Lauritzen et al., 1991; Bardwell et al., 1991).
Purification of soluble phaseolin fusion protein. Expression of the phaseolin 
fusion protein for 2 hrs at 37°C, followed by fractionation, demonstrated that 
approximately 90% of the fusion protein was found in the insoluble fraction. 
Adjustments in incubation temperature and time of harvesting can improve the 
production of soluble protein in E. coli (Ferrer et al., 1990). Pilot experiments were 
used to test the production of soluble phaseolin fusion protein at 37, 30 and 23 °C 
over time. The results indicated that incubation at 23 °C for 1 hr after induction was 
optimal for the isolation of soluble fusion protein (60-80%).
120
Soluble fusion protein was separated from other cytoplasmic proteins in a 
single step by adding the extract to an amylose affinity column (Figure 4.7). After 
elution of the protein using 10 mM maltose, the fusion protein was cleaved with factor 
Xa. Phaseolin was separated from the maltose-binding protein by passing the sample 
back through an amylose resin column.
This procedure could be simplified by adding factor Xa directly to the column 
after the first step of purification. After incubation overnight at room temperature, 
purified phaseolin was eluted from the column. This simplified protocol was used to 
purify wild-type and mutant phaseolin proteins for thermal denaturation analysis. The 
yield of this optimized protocol is approximately 5 mg phaseolin per liter of cells.
Extensive modifications do not affect the structural stability of the phaseolin 
protein. Previously, I demonstrated that phaseolin protein isolated from the common 
bean (Phaseolus vulgaris L.) has exceptional structural stability (Dyer et al., 1992). 
I theorized that high structural stability may therefore be a structural requirement for 
proper transport and storage within the seed. To determine if the mutations altered 
the structural stability of phaseolin, I purified a representative set of proteins and 
analyzed their structural stability. These proteins included the products of pMal-PFl 
(wild-type sequence), 2 (wild-type sequence plus site-directed positions), 7 (2 loop 
inserts into a turn position, 1 loop insert into a loop structure), 9 (the helical insert 
into helix-2), 12 (10 methionine substitutions in the N-barrel), 15 (10 methionine 
substitutions in the C-barrel), 17 (10 methionine substitutions in both the N- and
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Figure 4.7. Purification of phaseolin from the E. coli cytosol. E. coli cells were 
harvested and fractionated as described in methods. Lane 1 represents total soluble 
proteins. Lane 2 is fusion protein eluted off of the amylose resin column by the 
addition of 10 mM maltose. Lane 3 is fusion protein cleaved with factor Xa (MW 
phaseolin, 47 kd, maltose-binding protein, 40 kd). Lane 4 is purified phaseolin 
obtained by passing the factor Xa cleavage reaction back over an amylose resin 
column. Factor Xa is a minor contaminant (1%). All samples were run on a 10% 
SDS-PAGE and stained using coomassie blue.
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C-barrel), and 20 (10 methionines in each barrel, a loop insert at the turn region, and 
a loop insert into the loop region).
The structural stability of each protein was determined by measuring the CD 
signal at 220 nm as a function of temperature. Each curve exhibited a single 
inflection point, indicative of a cooperative unfolding event between the native and 
denatured form of the protein (Figure 4.8). Cooling the samples back to room 
temperature resulted in renaturation of the protein sample, as evidenced by an overlay 
of the CD spectra before and after thermal denaturation (result not shown). The Tm 
of the unfolding transition for each protein is listed in Table 4.1. Remarkably, the 
stability of the mutant proteins are very similar to the wild-type.
Previously, I observed that the thermal denaturation of phaseolin isolated from 
beans was an irreversible process (Dyer et al., 1992). As a result, 1 was limited to 
a kinetic analysis of phaseolin denaturation. However, the protein expressed in E. 
coli denatures reversibly, which allows a more detailed thermodynamic analysis of 
protein stability.
To investigate the thermodynamics of phaseolin stability, phaseolin was 
initially dissolved in 0 to 6 M urea, at 1 M increments, to determine the concentration 
of urea that was sufficient to denature the protein. The results demonstrated that 
phaseolin denatured between 2 and 3 M urea. To ensure that phaseolin denaturation 
was reversible, phaseolin was dissolved in 3 M urea (denaturing conditions) and then 
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Figure 4.8. Thermal denaturation curves of wild-type (a) and mutant (b) phaseolin 
proteins. Wild-type phaseolin protein was purified using construct pMal-PFl; the 
mutant phaseolin protein has 10 methionine substitutions in the N-barrel structure 
(pMal-P12). The proteins were dissolved in IX PBS buffer and heated from 20 to 
90°C. The CD signal at 220 nm was measured at 2° increments. The Tm of 
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Table 4.1. Thermal Stability of Wild-Type and Mutant Phaseolin Proteins




pMal-PFl BspEI site 0 61
pMal-PF2 BspEI, BssHII, BstEII, Nhel 0 62
pMal-PF7 3 loop insertions 15 60
pMal-PF9 1 helix insert 6 62
pMal-PF12 10 substitutions in N-barrel 10 62
pMal-PF15 10 substitutions in C-barrel 10 62
pMal-PF17 20 substitutions in N- and C-barrel 20 61
pMal-PF20 20 substitutions, 2 loop inserts 30 62
"All clones numbered past pMal-PF2 contain the four restriction sites in pMal PF2 in 
addition to the listed modification. The Tm of denaturation was determined by visual 
inspection of the thermal denaturation curve, and is accurate to +  1°C.
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M urea solution and a sample of phaseolin in the absence of urea confirmed that 
renaturation was complete (Figure 4.9).
Additional samples were prepared to define the regions of the curve that are 
important for thermodynamic analysis, namely the pre-transition, transition, and post­
transition regions of the curve. The curve of the ellipticity at 220 nm vs. urea 
concentration (Figure 4.10) was generated by using a non-linear least squares fit to 
the data (Santoro and Bolen, 1988). The linear dependence method (Pace, 1986) was 
used to calculate the AG of phaseolin in the absence of urea (AG^o), which was 
determined to be -12.2 Kcal/mol.
A similar thermodynamic analysis was performed on the phaseolin produced 
by clone pMal-PF20, which contains maximal methionine enhancement (30 residues). 
The AGOco) is -18.0, which is not significantly different from the wild-type value. 
Both of these values are in the range of conformational stability observed for naturally 
occurring proteins, which is between -5 and -22 kcal/mol (Pace, 1990).
Discussion
Development of the genetic engineering strategy to increase the methionine 
content of the phaseolin seed storage protein. The application of recombinant DNA 
techniques to increase the methionine coding capacity of phaseolin is very attractive 
because the gene for phaseolin has been cloned (Slightom et al., 1983), the three- 
dimensional structure has been solved to 3 A resolution (Lawrence et al., 1990), the 
protein has no known enzymatic function (which would require strict preservation of 
topology following mutagenesis), and the protein accounts for roughly half of the
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Figure 4.9. Reversibility of phaseolin denaturation. Phaseolin was dissolved in 3 M 
urea (denaturing conditions) and then diluted to 1.5 M urea (native conditions). The 
CD spectrum of each sample was measured and compared to the CD signal of 
phaseolin in the absence of urea.
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Figure 4.10. Urea denaturation curves of wild-type (pMal-PFl) and mutant 
(pMal-PF20) phaseolin proteins. The mutant protein curve occurs in the upper 
portion of the figure due to a slightly lower concentration of protein. The samples 
were dissolved in urea at the desired concentration of urea and allowed to equilibrate 
at room temperature prior to recording the CD signal at 220 nm. The curve was 
generated by using a non-linear least squares fit to the data.
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protein within the seed (Sun et al., 1978). However, the initial attempt to engineer 
phaseolin demonstrated that the phaseolin structure was sensitive to modification. 
Insertion of a methionine-rich sequence into phaseolin prevented accumulation in the 
protein bodies of transgenic tobacco (Hoffman et al., 1988). Since large amounts of 
the protein could not be recovered from the seeds of transgenic plants, the modified 
protein could not be analyzed to determine how the mutation might have altered the 
structural property of the protein.
In light of these results, I developed a three-step strategy that can be used to 
characterize the effects of modifications on the phaseolin structure prior to expression 
in plants. Since any type of modification on a protein structure is likely to alter 
structural stability, my first objective was to develop a set of biophysical probes to 
monitor the stability of the phaseolin protein. I used absorbance, fluorescence 
emission, circular dichroism, and fluorescence polarization anisotropy to monitor 
phaseolin denaturation induced by urea, guanidinium chloride, pH, temperature, or 
a combination thereof. My results demonstrated that phaseolin is exceptionally stable, 
denaturing irreversibly at 65°C when dissolved in 6.0 M guanidinium chloride. These 
results were very encouraging because they suggested that phaseolin provides a very 
stable framework upon which various types of mutations can be tested. However, as 
evidenced by the initial engineering attempt, mutations for methionine enhancement 
should be carefully and rationally designed to preserve the overall structural 
architecture of the phaseolin protein.
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This prompted the second part of my strategy, which was to use the three- 
dimensional structure of phaseolin as a guide to create effective engineering strategies. 
The structure of phaseolin was solved to 3 A resolution in 1990 (Lawrence et al.), 
however, only the a-carbons were known with sufficient detail to be deposited into 
the Brookhaven Data Bank. I used the molecular mechanics algorithm of Correa 
(1990) to generate the complete three-dimensional structure of phaseolin from 
a-carbon coordinates (Dyer et al., 1993a). This structure was used as a template to 
simulate the modifications that are described in this text. Due to the large size of the 
phaseolin structure, rigorous molecular dynamics (including explicit water molecules) 
could not be performed. However, standard dynamics and minimization routines 
(Brooks et al., 1983) were used to predict the order of stability of the replacement 
mutants described here.
The last part of my strategy relied on the development of a heterologous 
expression system that allows purification of large amounts of the modified proteins. 
I selected E. coli expression because it is very rapid, inexpensive, protocols and 
vectors are well established, and large amounts of the modified protein can be 
produced. The ease of the system greatly increases the number of clones that can be 
screened prior to expression in plants. This should help to identify optimal candidates 
for plants transformation.
The major drawbacks of this system are the lack of glycan addition and 
probable lack of trimer formation (Ng et al., 1993). However, phaseolin lacking 
glycosylation sites still accumulated in the protein bodies of transgenic plants, albeit
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at a lower level (Bustos et al., 1991b). Therefore, glycosylation may increase the 
efficiency of phaseolin transport and storage, but it is not essential for either of these 
processes.
Phaseolin tolerates extensive modifications for methionine enhancement in the 
core of the /3-barrel structures. In this report, I tested three types of modifications 
to increase methionine content of phaseolin: Replacement of genetically variant 
hydrophobic residues with methionine in the core of the /8-barrel structures; Insertion 
of small, methionine-rich loop sequences at surface exposed regions of the /8-barrel 
structures; and insertion of a methionine-rich peptide domain into the N-terminal 
hypervariable region. I chose to mutate the barrel regions rather than helix regions 
because previous results have shown that the helix-tum-helix regions are sensitive to 
modification. For instance, the Hoffman insertion into the a-helix disrupted 
accumulation in the seeds of transgenic plants (Hoffman et al., 1990). Deletion of the 
C-terminal helix region prevented trimerization and altered transport within the 
endomembrane system of Xenopus oocytes. In addition, crystallographic analysis of 
phaseolin (Lawrence et al., 1990) and the related Jack bean protein canavalin (Ko et 
al., 1993) have shown that the a-helix groups are intimately associated in the trimeric 
organization of the protein.
Mutations in the /3-barrel structures may also decrease the structural stability 
of phaseolin while having a minimal effect on protein topology. This would allow me 
to test the importance of high structural stability to phaseolin function. In addition, 
less stable proteins are also likely to be easier to digest.
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Surprisingly, substitution of 20 residues with methionine in the core of the 
/3-barrel structures did not alter the thermal stability of the protein (Table 4.2). Many 
proteins show substantial changes in protein stability after only a few amino acid 
substitutions (Parsell and Sauer, 1989). These results suggest that the interior of the 
/3-barrel structures may tolerate a large degree of structural reorganization. 
Alternatively, the native packing arrangement of the barrel interior may not be crucial 
for maintaining structural stability.
It is likely that the interface between the /3-barrel structures plays a more 
important role in the stabilization of the phaseolin protein. For example, 10 
substitutions can be created in either the N-banel or the C-barrel of phaseolin, yet the 
denaturation curves exhibit a single inflection point. This indicates that the protein 
unfolds cooperatively despite the extensive changes in either barrel structure. These 
results suggest that extensive interactions between the phaseolin domains are involved 
in stabilizing the folded form of the protein.
Previous analysis on the packing interactions of phaseolin domains (Dyer et 
al. , 1993a) indicated that the largest single source of packing energy was observed at 
the interface between the two /3-barrel structures. This is supported by observations 
of Ko et al. (1993), who detected an extensive hydrophobic interface between the 
/8-barrels of the structurally-related canavalin protein. The interaction between the 
barrels of canavalin is strengthened by 4 disulfide bonds at the interface between the 
two /3-barrels. In addition, Ng et al. (1993) demonstrated that the intact canavalin 
protein could be purified by heat treatment (10 min at 70°C) after expression in E.
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coli. However, expression of either the N-half or C-half of the gene (which encodes 
a single /3-barrel and helix-tum-helix motif) resulted in a protein product that was 
denatured during this step. Each of these results suggests that the interface between 
the barrels is crucial for the stabilization of the protein structure.
However, analysis of the interior of the /3-barrels reveals that there are both 
hydrophobic and hydrophilic residues within each barrel structure (Ko et al., 1993). 
Labelling studies during crystallographic refinement of canavalin (Ko et al., 1993) 
demonstrated that the barrel interiors are at least partially accessible to solvent. Taken 
together, the results suggest that the interior of the /3-barrels are an excellent site for 
methionine enhancement, and that the interface between the barrels is likely to be 
crucial for maintaining structural topology and protein stability.
Insertion of up to 3 copies of the loop insert to surface regions of the barrels 
also did not alter structural stability of the protein, which suggests that this strategy 
may also be useful for increasing methionine content. However, since the Hoffman 
insert sequence also did not affect structural stability, it must be kept in mind that 
other structural perturbations, such as alterations in packaging efficiency, are also 
likely to be crucial for accumulation in the protein bodies of developing cotyledons.
Insertion of the methionine-rich 9 kd fragment of the Brazil nut protein into 
the N-terminal hypervariable region of phaseolin was not successful. A large 
insertion, which includes an additional 174 amino acids, is found in the analogous 
protein from soybeans (Doyle et al., 1986). I therefore reasoned that phaseolin could 
tolerate an insertion in this region. The low amount of protein obtained from this
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construct is likely to be due to improper disulfide bond formation in E. coli or 
improper folding of the 9 kd domain due to the absence of the remaining 3 kd 
fragment of the Brazil nut protein sequence. I am currently reconstructing the entire 
Brazil nut sequence to test its ability to fold in E. coli. In addition, this construct will 
be expressed in a eucaryotic system to test the fusion protein in a more native 
environment.
Expression of the Brazil nut protein for enhanced methionine content has 
previously been demonstrated in a variety of crop plants (Guerche et al., 1990; 
Altenbach et al., 1992). However, successful expression of the Brazil nut protein as 
a fusion to phaseolin could have a much broader impact. For example, a non-related 
plant protein that is rich in other essential amino acids (e.g. lysine) might be fused to 
the phaseolin sequence to facilitate its transport and storage within the seeds of 
transgenic plants. This strategy could greatly improve the nutritional quality of cereal 
grains, which are typically very low in lysine content (Higgins, 1984). This 
possibility is substantiated by recent results which show that the wild-type phaseolin 
protein can be successfully expressed in transgenic rice plants (Zheng et al., 1993).
Differences in phaseolin isolated from common bean and E. coli. Although 
there is no significant difference in structural stability between the wild-type and 
mutant proteins expressed in E. coli, there is a substantial difference in stability 
between the phaseolin protein isolated from beans and the protein isolated from E. 
coli. Denaturation of the protein isolated from beans occurred irreversibly at about 
78°C (Dyer et al., 1992) whereas the protein isolated from E. coli denatured
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reversibly at 61 °C. If the translation of the two systems is accepted to be the same, 
then post-translational modifications within the bean plant must account for the 
differences in protein stability.
The post-translational modifications include the addition of high-mannose type 
glycans to two sites on the C-barrel structure (Sturm et al., 1987), and packaging of 
the monomers into a trimeric structure (Bollini et al. , 1982). Since glycosylation does 
not seem to be crucial for proper transport or accumulation in seeds (Bustos et al., 
1991b), I suggest that the large difference in energy is primarily due to the trimeric 
organization of the bean protein. Ko et al. (1993) have noted that many of conserved 
amino acids in the phaseolin-type proteins occur at positions involved in inter-protein 
contacts within the trimer. Notably, extensive hydrophobic interactions occur between 
monomers in the trimer, which could significantly stabilize the quaternary structure 
of the phaseolin protein.
The phaseolin protein isolated from E. coli is very useful to study because its 
properties are similar to nascently synthesized phaseolin proteins in beans, i.e., it 
lacks post-translational modifications. Thus, the E. coli produced proteins can be used 
to study the effects of the mutations on the initial stages of protein folding and 
stability. The reversibility of the folding event makes it possible to study the 
thermodynamics of the modified proteins. We are currently developing stop-flow 
experiments to probe the effects of the mutations on the kinetics of the folding 
reaction and influence on potential folding intermediates.
CHAPTER 5 
CONCLUSIONS 
Summary and Evaluation of Experimental Results
The results and techniques presented in this dissertation provide a sound basis 
for the design and analysis of nutritionally enhanced seed storage proteins. Three 
major projects were undertaken to accomplish this goal. In the first set of 
experiments, the structural stability of the phaseolin protein was examined using a set 
of biophysical probes to monitor phaseolin denaturation under a variety of denaturing 
conditions (Dyer et al., 1992). The results indicated that the phaseolin protein has 
exceptional structural stability. The protein denatured at 65°C when dissolved in 6.0 
M guanidinium chloride. This result was very encouraging because it suggested that 
the protein may tolerate substantial changes in amino acid composition with minimal 
effects on protein stability.
In the second project, the complete three-dimensional structure of phaseolin 
was generated from a-carbon coordinates to provide insight to protein structure and 
topology (Dyer et al., 1993a). This knowledge was essential for the identification of 
surface exposed regions, which were targeted with small insert sequences. In 
addition, the structure was used as a template to simulate the mutations for methionine 
enhancement.
The last major project focused on the characterization of the effects of the 
various mutations on the structural stability of the phaseolin protein in vivo (Dyer et 
al., 1993b). Importantly, I was interested to see if the changes in stability predicted
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by computer simulation of the mutations correlated with the changes in structural 
stability observed in vivo. However, my results indicated that none of the mutations 
I created produced a significant change in the structural stability of the E. coli 
synthesized protein (Dyer et al., 1993b). All of the proteins denatured at 
approximately 62°C. This is quite surprising, since the maximally enhanced protein 
contained 10 methionine substitutions and a single loop insert in each of the /3-barrel 
structures (30 methionines total).
The inability to detect differences in structural stability may simply reflect the 
sensitivity of the in vitro assay. Calculations produced from molecular dynamics 
simulation detected subtle differences in mutant protein stability. However, the 
differences were only a fraction of the total calculated stability (Dyer et al., 1993a). 
Therefore, it may not be possible to correlate the small changes detected from 
computer simulation with the results obtained by in vitro analysis of protein stability. 
Alternatively, a more rigorous treatment of molecular dynamics calculations (to 
include solvent treatment) may provide a more realistic simulation of the effects of 
mutations on the phaseolin structure.
In the future, it might be very useful to perform molecular simulations on both 
the monomer (as I did here) and the trimer. The reason for this is that the trimeric 
form of the protein seems to behave more like a single protein than a collection of 
loosely assembled monomers. Sun et al. (1974) have observed irreversible 
dissociation of the trimer at high />H. In addition, I observed irreversible denaturation 
of the bean protein at high temperatures (Dyer et al., 1992). These results suggest
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that dissociation of the trimer and phaseolin denaturation may be closely coupled, 
cooperative events.
Ko et al. (1993) have detected extensive hydrophobic packing interactions 
between monomers in the trimeric organization of the protein, which may account for 
such a cooperative interaction. Many of these amino acid positions are highly 
conserved among the 7S globulins. Therefore, molecular simulations involving the 
trimer may provide a more accurate analysis of the effects of mutation on overall 
protein stability. Since modified phaseolin proteins will eventually be expressed in 
transgenic bean plants, it may be useful to simulate mixed-assembled trimers, which 
include both modified and wild-type phaseolin monomers.
Differences between phaseolin isolated from E. coli and bean plants. It is 
important to emphasize that there are significant differences in the properties of 
phaseolin isolated from E. coli and bean plants. As mentioned previously, phaseolin 
isolated from plants denatured irreversibly at 78 °C while the cloned protein denatured 
reversibly at 61 °C. There are several possibilities that may account for the 
differences in denaturation behavior.
First, the phaseolin trimer isolated from plants is composed of a mixture of 
closely related subunits. The subunits are classified either as a-type phaseolins (411- 
412 amino acids) or /3-type phaseolins (397 amino acids) (Hall et al., 1978). 
Although the ratio of subunits in the trimer of phaseolin is not known, it is possible 
that both types of subunits are required for proper formation of the trimeric structure. 
Since I expressed only the /3-type phaseolin in E. coli, the cloned protein may not be
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able to form a trimer. Since there are extensive packing interactions between 
monomers in the trimeric structure (Ko et al., 1993), the stability of the monomeric 
form of the protein is likely to be greatly reduced.
Secondly, cleavage of the maltose binding/phaseolin fusion protein added an 
extra 4 amino acids to the N-terminus of the phaseolin sequence. However, this is 
not expected to be problematic since the N-terminus of phaseolin has enhanced 
mobility in the crystal structure (Lawrence et al., 1990).
Third, E. coli lacks an endomembrane system, which is the site of normal 
synthesis and processing in the bean plants (Bellini and Chrispeels, 1979). Phaseolin 
undergoes several post-translational modifications in the endoplasmic reticulum, which 
include the addition of high-mannose type glycans (Sturm et al. , 1987) and packaging 
of the monomers into a trimeric structure (Bollini et al., 1982). Further processing 
of the high-mannose glycans occurs in the golgi apparatus (Sturm et al., 1987). In 
addition, a small fraction of the phaseolin trimers is cleaved at discrete sites by 
proteases in the vacuolar-derived protein bodies (Chrispeels et al., 1982).
Elimination of glycosylation sites and expression in transgenic tobacco has 
demonstrated that glycans are not required for proper transport to storage bodies 
(Bustos et al., 1991b). However, phaseolin proteins without glycans accumulated at 
lower levels and were more susceptible to proteolytic degradation. These results 
suggest that glycans may have a minor (but physiologically important) effect on 
protein topology and stability. In addition, the structurally-related canavalin protein 
is stable at 70°C (for 10 min) after expression in E. coli (Ng et al., 1993). Since this
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protein is not glycosylated in the Jack bean plant, the structure of canavalin itself must 
be responsible for tolerance to high temperature.
Thus, glycosylation may account for only a small amount of the difference in 
thermal stability between the native and cloned phaseolin protein. However, it is 
possible that the glycans interact with the unfolded form of the protein to prevent 
reversible denaturation of the native protein structure.
The major difference in structural stability between the native and cloned 
phaseolin protein is likely to be due to the state of oligomerization. As mentioned 
above, phaseolin is packaged into a trimeric structure in the endoplasmic reticulum 
of bean plants. Several observations suggest that denaturation of the phaseolin trimer 
occurs as a highly cooperative process, rather than dissociation of the trimer followed 
by denaturation of monomers. First, Ko et al. (1993) have detected extensive 
hydrophobic and electrostatic interactions between monomers in the trimeric structure 
of the canavalin protein, which could significantly stabilize the quaternary structure. 
Second, Sun et al. (1974) have observed irreversible dissociation of the phaseolin 
monomers at high /jH. Third, I have observed irreversible denaturation of phaseolin 
at high temperatures.
Although I did not determine the oligomeric state of the E. coli synthesized 
protein, it is likely to be in the monomeric state. This is supported by results of Ng 
et al. (1993) who showed that the canavalin protein did not form trimers after 
expression in E. coli. This result might suggest that oligomerization is assisted by a 
chaperone activity that is not present in E. coli. The stability of the monomeric
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protein would be decreased primarily by exposure of hydrophobic surfaces that are 
normally involved in inter-protein contacts.
Thus, my hypothesis for the difference in structural behavior between the 
native and cloned protein is that glycosylation has a minimal effect on protein 
stability, but renders phaseolin denaturation irreversible, and that the cloned protein 
is less stable largely due to its accumulation as a monomer.
Importance of genetic and crystallographic information in the design of protein 
engineering strategies. Although the chapters presented in this dissertation appear in 
chronological order, it must be stressed that the majority of the strategies for 
methionine enhancement were designed prior to the availability of the three- 
dimensional structure of phaseolin (Lawrence et al., 1990). This is particularly true 
for the replacement modifications, which were designed solely on the basis of 
sequence comparison between phaseolin and other 7S globulin protein sequences 
(Doyle et al., 1986).
This genetic analysis revealed two "hot spots" which seemed to be excellent 
sites for mutagenesis because there were clusters of variant hydrophobic residues as 
well as sequence insertions and deletions in these regions. These two regions turned 
out to occupy similar positions within each of the /3-barrel structures in the three- 
dimensional structure of phaseolin (Lawrence et al., 1990; Dyer et al., 1993a). The 
successful identification of these regions for substitution with methionine highlights 
the importance of genetic information and intuitive reasoning in the design of effective 
protein engineering strategies.
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Secondary structure prediction may also assist the design of engineering 
strategies. For example, Hoffman et al., (1988) inserted a helical peptide sequence 
into a region of phaseolin that was also predicted to be helical. Although the three- 
dimensional structure of phaseolin was not known at the time of this experiment, this 
region did indeed turn out to be an a-helix. However, insertion of the helical 
sequence into the middle of the endogenous a-helix disrupted the phaseolin structure 
and prevented accumulation in the seeds of transgenic plants.
My opinion is that if one would like to use secondary structure prediction to 
assist in the development of strategies for methionine enhancement of seed storage 
proteins, it would be more logical to target the insertion between predicted secondary 
structure elements (which are likely to be surface exposed turn or loop regions). It 
might also be possible to replace the predicted secondary structure with a similar 
secondary structure that is made up of other types of amino acids. The latter 
approach is possible because there are many different sequences that can give rise to 
the same secondary structural elements (Heinz et al., 1992). This is especially 
reasonable if the properties of the secondary structure (for example, an amphiphilic 
a-helix) and not the exact sequence, are important for protein function and topology. 
This strategy has been proposed and substantiated previously by Kaiser (1986), who 
produced functional surface active peptides after replacement of endogenous 
amphiphilic a-helix sequences with non-native amphiphilic helical sequences.
However, knowledge of the three-dimensional structure of phaseolin was 
instrumental in the selection of surface exposed sites for small insert sequences. It is
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quite impressive to note that the enlargement of the turn (PstI site) by 30 amino acid 
residues does not affect the stability of the final conformation of the protein. Any 
effects on the kinetics of the folding reaction must await a more thorough 
thermodynamic analysis on the mutant protein.
Future Research
Usage of heterologous expression systems to study modified phaseolin proteins. 
Expression of a modified phaseolin gene in transgenic tobacco (Hoffman et al., 1988) 
demonstrated that plants have a very strict quality control mechanism to ensure proper 
protein structure. Since this quality control mechanism prevented accumulation of the 
modified protein, there is no way of studying the effects of the mutation on the protein 
structure. Therefore, it is essential to express the protein in a heterologous system, 
which lacks such a stringent quality control mechanism, in order to study the effects 
of the mutations on the protein structure.
In this dissertation, I described an E. coli expression system that allows rapid 
purification of large amounts of the modified phaseolin proteins. The protein 
produced in E. coli lacks the post-translational modifications generally observed in the 
plant system. Thus, phaseolin expressed in E. coli can be studied to determine how 
the mutations affect the fundamental properties of the protein structure. Importantly, 
the E. coli produced proteins undergo reversible denaturation, which allows a careful 
thermodynamic analysis of protein folding and stability.
However, in addition to these properties, it will be crucial to determine how 
the mutations affect the process of trimerization, transport, and storage within
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vacuolar-derived protein bodies. A number of different systems can be used to study 
trimerization. In the simplest system, the modified genes can be transcribed and 
translated in vitro using a rabbit reticulocyte lysate, which has been shown to be 
capable of producing trimers of the 1 IS glycinin storage protein of soybeans 
(Dickinson et al., 1990). However, the 1 IS glycinin trimers may behave differently 
than the phaseolin trimers, since the glycinin monomers assemble into higher ordered 
hexameric structures following transport to storage vacuoles (Dickinson et al., 1990). 
In addition, the in vitro system does not provide a mechanism for the addition of sugar 
residues, which might influence the packaging efficiency or conformation of the 
phaseolin trimer. A cell system that contains an endogenous endomembrane system 
is likely to be better suited for the analysis of phaseolin trimer formation. The 
endoplasmic reticulum contains chaperonin proteins (Gething and Sambrook, 1992) 
which may be involved in the folding and assembly of the phaseolin trimer.
A number of systems might be used to study the trimerization of modified 
phaseolin proteins. The most well established system to date is Xenopus oocytes, 
which secrete large amounts of phaseolin trimer into the media following injection of 
phaseolin mRNA (Cerrioti et al., 1991). Importantly, deletion of the C-terminal helix 
region abolished trimer formation and resulted in retention of the monomers within 
the ER. A second system is the baculovirus system, in which recombinant viruses 
containing phaseolin genes are used to infect insect cell cultures (Bustos et al., 1988). 
This system also results in the secretion of phaseolin trimers into the extracellular 
medium. Still a third possibility is expression of phaseolin in yeast (Cramer et al.,
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1985). However, in this system, phaseolin is targeted to the vacuole, which may 
complicate purification procedures.
Finally, it will be necessary to determine if the modified proteins can be 
transported to and stored within the vacuolar-derived protein bodies of developing 
seeds in a heterologous system. This is probably the most stringent, and most 
important, assay prior to expression in the homologous system. The advantage of 
using a heterologous plant system is that the common beans contain endogenous 
phaseolin genes, which would complicate the identification and analysis of the 
modified phaseolin proteins.
Phaseolin has been expressed in a number of heterologous plants including 
sunflower (Murai et al., 1983), rice (Zheng et al., 1993), and tobacco (Greenwood 
and Chrispeels, 1985; Sengupta-Gopalan et al., 1985). Rice is a very attractive 
system since our lab has developed efficient transformation and regeneration systems 
(Hayashimoto et al., 1990; Li et al., 1990). However, the usage of tobacco may be 
a better choice since it is a dicotyledonous plant (like the common bean), and 
transformation and regeneration is much quicker than for rice. This may increase the 
number of constructs that can be analyzed in transgenic tissue.
By using the E. coli system to monitor effects of modifications on protein 
stability, an intermediate system (e.g. Xenopus oocytes) to monitor trimerization, and 
a heterologous plant system to monitor transport and storage, one can thoroughly 
characterize each facet of protein function prior to expression in transgenic bean. By 
usage of a spectrum of modified proteins, some proteins are likely to be blocked at
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some point of the process. Knowledge of the structural changes induced by mutations 
may shed light on structural features necessary for proper packaging, transport, and 
storage, which have until this point remained elusive.
Why are the seed storage proteins so stable and hard to digest? The results 
presented in this dissertation suggest that newly synthesized phaseolin proteins behave 
largely like normal proteins. They denature at about 62°C and unfold reversibly in 
mild concentrations of urea (Pace, 1990). However, following post-translational 
modification, the protein is stable up to 78°C, does not unfold in 6.0 M guanidinium 
chloride, and denatures irreversibly at 65°C when dissolved in 6.0 M guanidinium 
chloride. Is it really necessary for the plant to have such a stable seed storage 
protein?
Several possibilities might explain the necessity for such a stable protein. 
First, the final form of the protein may be crucial for tight packaging of the trimer 
in the protein body, which increases the amount of nitrogen that can be stored in a 
limited space. Secondly, the structural resilience may be important for surviving the 
harsh conditions imposed during seed dehydration and subsequent storage.
A third possibility becomes obvious only after viewing the seed protein in the 
context of the "big picture" of seed physiology. As elaborated in the Literature 
Review section, abundance of antiphysiological compounds limit the utilization of the 
bean seeds as a food source. In light of the process of natural selection, it could be 
speculated that these antiphysiological compounds were selected over the course of 
evolution to protect the seeds from animal predation. Seeds with more
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antiphysiological compounds would be eaten less, which would perpetuate these traits 
in subsequent generations.
When viewed in this context, the properties of the seed storage protein also 
appear to be a defense measure. Even if an animal can breach all of the other 
defenses, consumption of seed protein alone will not be nutritionally satisfying. For 
example, the uncooked protein of the common bean is only digested by about 50% 
(Begbie and Ross, 1993). This is also true for other major crop plants, whose storage 
proteins are also difficult to digest. It is also well known that most of the major seed 
storage proteins in cereal grains and legumes are deficient in at least one essential 
amino acid (Higgins, 1984). This might have been selected over the course of 
evolution to discourage animal consumption. In fact, growth of quail solely on 
uncooked bean meal resulted in a significant reduction in weight and feather quality 
(Tao et al., 1987).
Another observation is that phaseolin is very stable in acidic conditions (the 
stomach of animals is an acidic environment), while it is fully denatured in basic 
conditions (Dyer et al., 1992). In fact, phaseolin forms higher ordered oligomeric 
structures in an acidic environment (Sun et al., 1974), which might be even more 
resistant to digestive proteases.
If this hypothesis is true, then the protease activity present in vacuolar-derived 
protein bodies may serve as a screening mechanism to discriminate between correctly 
folded proteins and those that are altered sufficiently to increase their digestibility and 
nutritive value after consumption by animals. It may therefore be necessary to
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identify and eliminate this screening protease activity before substantially modified 
seed storage proteins can be successfully expressed in the seeds of transgenic plants.
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APPENDIX B
COMPUTER PROGRAMS FOR MOLECULAR 
MODELING OF PHASEOLIN 
Appendix B .l. Generation of PSF and IC Files for Phaseolin
* T h i s  i n p u t  f i l e  b u i l d s  P S F  a n d  I C  f i l e s  f o r  p h a s e o l i n
*
1 S e t  l a b e l  n u m b e r  1  t o  WT s o  t h a t  a l l  o u t p u t  
1 f i l e s  c a n  b e  c h a n g e d  b y  t h e  l a b e l  n a m e
s e t  1 WT
o p e n  u n i t  1 r e a d  c a r d  n a m e  T O P H 1 9 . R T F  
r e a d  r t f  c a r d  u n i t  1 
c l o s e  u n i t  1
o p e n  u n i t  2 r e a d  c a r d  n a m e  PA R A M 19.PR M  
r e a d  p a r a m e t e r  c a r d  u n i t  2 
c l o s e  u n i t  2
1 R e a d  i n  t h e  s e q u e n c e  
1 @1 i s  r e p l a c e d  b y  t h e  l a b e l  WT
r e a d  s e q u  c a r d
* p h a s e o l i n ,  @1
*
3 9 7
THR S E R LEU ARG GLU GLU GLU GLU S E R GLN A S P ASN PRO -
PHE TYR PHE ASN SE R A S P ASN S E R T R P ASN THR LEU PHE -
LYS ASN GLN TYR GLY H I S I L E ARG VAL LEU GLN ARG PHE -
A S P GLN GLN S E R LYS ARG LEU GLN ASN LEU GLU A S P TYR -
ARG LEU VAL GLU PHE ARG SE R LYS PRO GLU THR LEU LEU -
LEU PRO GLN GLN ALA A S P ALA GLU LEU LEU LEU VAL VAL -
ARG S E R GLY S E R ALA I L E LEU VAL LEU VAL LYS PRO A S P -
A S P ARG ARG GLU TYR PHE PHE LEU THR S E R A S P ASN PRO -
I L E PHE S E R A S P H I S GLN LY S I L E PRO ALA GLY THR I L E -
PHE TYR LEU VAL ASN PRO A S P PRO LYS GLU A S P LEU ARG -
I L E I L E GLN LEU ALA MET PRO VAL ASN ASN PRO GLN I L E -
H I S GLU PHE PHE LEU S E R S E R THR GLU ALA GLN GLN S E R -
TYR LEU GLN GLU PHE S E R LYS H I S I L E LEU GLU ALA S E R -
PHE ASN S E R LYS PHE GLU GLU I L E ASN ARG VAL LEU PHE -
GLU GLU GLU GLY GLN GLN GLU GLY VAL I L E VAL ASN I L E -
A S P S E R GLU GLN I L E LY S GLU LEU SE R LYS H I S ALA LYS -
S E R S E R S E R ARG LYS S E R LEU S E R LYS GLN A S P ASN THR -
I L E GLY ASN GLU PHE GLY ASN LEU THR GLU ARG THR A S P -
ASN S E R LEU ASN VAL LEU I L E SE R S E R I L E GLU MET GLU -
GLU GLY ALA LEU PHE VAL PRO H I S TYR TYR S E R LYS ALA -
I L E VAL I L E LEU VAL VAL ASN GLU GLY GLU ALA H I S VAL -
GLU LEU VAL GLY PRO LYS GLY ASN LYS GLU THR LEU GLU -
TYR GLU S E R TYR ARG ALA GLU LEU SE R LYS A SP A S P VAL -
PHE VAL I L E PRO ALA ALA TYR PRO VAL ALA I L E LYS ALA -
THR S E R ASN VAL ASN PHE THR GLY PHE GLY I L E ASN ALA -
ASN ASN ASN ASN ARG ASN LEU LEU ALA GLY LYS THR A S P -
ASN VAL I L E S E R SE R I L E GLY ARG ALA LEU A S P GLY LYS -
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A S P  VAL LEU GLY LEU THR PHE S E R  GLY S E R  GLY A S P  GLU -
VAL MET LYS LEU I L E  ASN LYS GLN S E R  GLY S E R  TYR PHE -
VAL A S P  ALA H I S  H I S  H I S  GLN GLN GLU GLN GLN LYS GLY -
ARG LY S GLY ALA PHE VAL TYR
1 G e n e r a t e  p h a s e o l i n ;  " s e t u p "  w i l l  e s t a b l i s h  I C  t a b l e s
g e n e r a t e  @1 s e t u p
i c  p u r g e
1 W r i t e  a  P S F  f i l e ;  u s e  t h i s  P S F  f o r  c o n s t r u c t i n g  
1 m i s s i n g  a t o m  c o o r d i n a t e s  u s i n g  I C  B U IL D  c o m m a n d s
o p e n  u n i t  3  w r i t e  c a r d  n a m e  0 1 . P S F  
w r i t e  p s f  c a r d  u n i t  3
* p h a s e o l i n  P S F  f i l e
*
i c  p u r g e
1 W r i t e  t h e  I C  t a b l e
o p e n  u n i t  4  w r i t e  f i l e  n a m e  0 1 . I C  
w r i t e  i c  f i l e  u n i t  4
* p h a s e o l i n  0 1  I C  t a b l e
■k
1 D e l e t e  t h e  s e c t i o n s  w i t h o u t  x - r a y  c o o r d i n a t e s
d e l e t e  a t o m s  s e l e  { ( r e s i d  1 : 1 0 )  . o r .  ( r e s i d  2 1 3 : 2 1 9 )  -  
• o r .  ( r e s i d  3 8 2 : 3 9 7 )  ) e n d
! U s e  t h i s  P S F  w h e n  r e a d i n g  i n  t h e  s t r u c t u r e  
1 t h a t  h a s  x - r a y  c o o r d i n a t e s  m i s s i n g
o p e n  u n i t  1 0  w r i t e  c a r d  n a m e  0 1 D E L E . P S F  
w r i t e  p s f  c a r d  u n i t  1 0
* P h a s e o l i n  P S F  w i t h  u n d e t e r m i n e d  r e g i o n s  d e l e t e d
*
s t o p
e n d
Appendix B.2. Generation of Harmonic Constraints Files to Keep Peptide Bonds 
Planar and Trans
* T h i s  i n p u t  f i l e  g e n e r a t e s  c o n s t r a i n t s  f o r
* p e p t i d e  b o n d s  s o  t h e y  a r e  t r a n s ,
*
! S e t  b o m b  l e v e l  t o  i g n o r e  w a r n i n g s  
b o m l e v  - 2
o p e n  u n i t  1  r e a d  f o r m  n a m e  T O P H 1 9 .R T F  
r e a d  r t f  c a r d  u n i t  1 
c l o s e  u n i t  1
o p e n  u n i t  2  r e a d  f o r m  n a m e  P A R A M 19 . PRM 
r e a d  p a r a m e t e r  c a r d  u n i t  2 
c l o s e  u n i t  2
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1 S e t  l a b e l  3  t o  d e s i r e d  s t r u c t u r e  n a m e  
s e t  3
1 R e a d  i n  t h e  P S F  f i l e
o p e n  u n i t  3 r e a d  c a r d  n a m e  0 3 D E L E . P S F  
r e a d  p s f  c a r d  u n i t  3 
c l o s e  u n i t  3
J R e a d  i n  t h e  s t a r t i n g  c o o r d i n a t e  f i l e  f o r  t h e  l o o p  
c o o r  i n i t
o p e n  u n i t  1 3  r e a d  c a r d  n a m e  @ 3 . CRD 
r e a d  c o o r  c a r d  u n i t  1 3  
c l o s e  u n i t  1 3  
c o o r  c o p y  c o m p
i c  p u r g e
1 C o n s t r a i n  p e p t i d e  b o n d s  s o  t h e y  a r e  t r a n s
s e t  1 1 
s e t  2  2
l a b e l  l o o p
I F o r m a t  i s :  s e g m e n t  i d ,  r e s i d u e  n u m b e r ,  a t o m  t y p e  
1 f o r  e a c h  a t o m  t h a t  d e f i n e s  t h e  d i h e d r a l  b o n d
c o n s  d i h e d r a l  w t _ s  @1 c a  w t _ s  @1 c  w t _ s  @2 n  w t _ s  @2 c a  -  
f o r c e  1 0 0 . 0  m i n  1 8 0 . 0  
i n c r e m e n t  1  b y  1 
i n c r e m e n t  2  b y  1 
i f  2  l e  3 8 0  g o t o  l o o p
I W r i t e  t h e  c o n s t r a i n t s  f i l e
o p e n  u n i t  1 0  w r i t e  f i l e  n a m e  W T _ S .C 0 N
w r i t e  c o n s  f i l e  u n i t  1 0
* P e p t i d e  c o n s t r a i n t s  f o r  W T _ S ,  1 0 0*
s t o p
Appendix B.3. Creation of Tables That List Dihedral Angles for the Peptide 
Bonds in a Given Structure
* T h i s  i n p u t  f i l e  d e t e r m i n e s  i f  p e p t i d e  b o n d s
* a r e  t r a n s
*
1 S e t  b o m b  l e v e l  t o  i g n o r e  w a r n i n g s  
b o m l e v  - 2
o p e n  u n i t  1  r e a d  f o r m  n a m e  T O P H 1 9 . R T F  
r e a d  r t f  c a r d  u n i t  1 
c l o s e  u n i t  1
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o p e n  u n i t  2 r e a d  f o r m  n a m e  P A R A M 19. PRM 
r e a d  p a r a m e t e r  c a r d  u n i t  2 
c l o s e  u n i t  2
1 R e a d  i n  t h e  P S F  f i l e
o p e n  u n i t  3  r e a d  c a r d  n a m e  W TDELE. P S F  
r e a d  p s f  c a r d  u n i t  3 
c l o s e  u n i t  3
I R e a d  i n  t h e  c o o r d i n a t e  f i l e  
c o o r  i n i t
o p e n  u n i t  1 3  r e a d  c a r d  n a m e  WT.DYN 
r e a d  c o o r  c a r d  u n i t  1 3  
c l o s e  u n i t  1 3  
c o o r  c o p y  c o m p
s e t  1 1 
s e t  2  2
i c  d e l e t e
l a b e l  l o o p
i c  e d i t
d i h e  @1 c a  @1 c  @2 n  @2 c a  
e n d
i n c r e m e n t  1  b y  1 
i n c r e m e n t  2  b y  1
i f  2  l e  3 6 4  g o t o  l o o p
i c  f i l l  
i c  p r i n t
s t o p
e n d
Appendix B.4. Placement of Missing Coordinates by Using Internal Coordinate 
Routines
* P e r f o r m s  I C  B U IL D  c a l u l a t i o n s  o n  m u t a n t
* p h a s e o l i n  s t r u c t u r e s
*
o p e n  u n i t  1  r e a d  c a r d  n a m e  T 0 P H 1 9 . R T F  
r e a d  r t f  c a r d  u n i t  1 
c l o s e  u n i t  1
o p e n  u n i t  2 r e a d  c a r d  n a m e  P A R A M 19. PRM 
r e a d  p a r a  c a r d  u n i t  2 
c l o s e  u n i t  2
1 A l o o p  c a n  b e  u s e d  t o  r u n  t h e  I C  B U ILD  
! c o m m a n d s  o n  s e v e r a l  s t r u c t u r e s  c o n s e c u t i v e l y
t S e t  t h e  c o u n t e r  t o  0
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s e t  1 0
1 S t a r t  t h e  l o o p  h e r e
I S e t  l a b e l s  t o  p e r f o r m  I C  B U ILD  o n  e a c h  m u t a n t
l a b e l  s t a r t  
i n c r e m e n t  1 b y  1
i f  1  e q  1 s e t  2  N7M
i f  1 e q  2 s e t  2  N3M
i f  1  e q  3 s e t  2  N10M
i f  1 e q  4  s t o p
t R e a d  i n  t h e  p r o t e i n  s t r u c t u r e  f i l e
o p e n  u n i t  3  r e a d  c a r d  n a m e  @ 2 . P S F  
r e a d  p s f  c a r d  u n i t  3  
c l o s e  u n i t  3
1 R e a d  i n  t h e  i n t e r n a l  c o o r d i n a t e  t a b l e
o p e n  u n i t  4  r e a d  f i l e  n a m e  @ 2 . I C  
i c  r e a d  f i l e  u n i t  4  
c l o s e  u n i t  4
1 D e l e t e  m i s s i n g  p a r t s
d e l e  a t o m  s e l e  ( ( r e s i d  1 : 1 0 )  . o r .  ( r e s i d  2 1 3 : 2 1 9 )  -
. o r .  ( r e s i d  3 8 2 : 3 9 7 ) )  e n d
I R e a d  i n  t h e  c o o r d i n a t e  f i l e  t h a t  i s  n o t  f u l l y  
1 c o m p l e t e  f o r  s o m e  m u t a n t s
c o o r  i n i t
o p e n  u n i t  1 3  r e a d  c a r d  n a m e  D Y N _ 0 2 .B L D  
r e a d  c o o r  c a r d  u n i t  1 3  
c l o s e  u n i t  1 3  
c o o r  c o p y  c o m p
1 N ow  b u i l d  a n y  m i s s i n g  c o o r d i n a t e s  f r o m  PARAM
I C  F I L L  PR ESE R V E  
I C  PARAMETERS 
I C  B U IL D
1 W r i t e  t h e  c o m p l e t e d  c a r t e s i a n  c o o r d i n a t e  s e t
o p e n  u n i t  3 2  w r i t e  c a r d  n a m e  D Y N _ 0 2 . CRD 
w r i t e  c o o r  c a r d  u n i t  3 2
* C o m p l e t e  c o o r  f o r  @ 2, a f t e r  I C  B U ILD
*
1 D e l e t e  a l l  a t o m s  a n d  t h e n  r e p e a t  t h e  p r o c e s s  
I o n  t h e  n e x t  m u t a n t
d e l e  a t o m  s e l e  a l l  e n d
g o to  s t a r t
Appendix B.5. Minimization of Replacement Mutant Structures
* P e r f o r m s  m i n i m i z a t i o n  c a l u l a t i o n s  o n
* m u t a n t  p h a s e o l i n  s t r u c t u r e s
*
o p e n  u n i t  1 c a r d  r e a d  n a m e  t o p h l 9 . r t f  
r e a d  r t f  c a r d  u n i t  1
o p e n  u n i t  1 c a r d  r e a d  n a m e  p a r a m l 9 . p r m  
r e a d  p a r a  c a r d  u n i t  1
J S e t  b o m l e v  t o  i g n o r e  l a r g e  e n e r g y  c h a n g e s
b o m l e v  - 2  
1 w r n l e v  - 5
1 A l o o p  c a n  b e  u s e d  t o  r u n  t h e  I C  B U IL D  
J c o m m a n d s  o n  s e v e r a l  s t r u c t u r e s  c o n s e c u t i v e l y
1 S t a r t  t h e  l o o p  h e r e  a n d  s e t  t h e  
1 l a b e l s  t o  t e s t  e a c h  s u b s t i t u t i o n
s e t  1 0
l a b e l  s t a r t  
i n c r e m e n t  1 b y  1
i f  1 e q  1 s e t  2 N7M
i f  1 e q  2 s e t  2  N3M
i f  1 e q  3 s e t  2  N10M
i f  1 e q  4  s t o p
I R e a d  i n  t h e  p r o t e i n  s t r u c t u r e  f i l e
o p e n  u n i t  3  r e a d  c a r d  n a m e  @ 2 D E L E .P S F  
r e a d  p s f  c a r d  u n i t  3  
c l o s e  u n i t  3
c o o r  i n i t
o p e n  u n i t  1 3  r e a d  c a r d  n a m e  DYN _@ 2.CRD  
r e a d  c o o r  c a r d  u n i t  1 3  
c l o s e  u n i t  1 3  
c o o r  c o p y  c o m p
1 S e t  u p  n o n b o n d e d  i n t e r a c t i o n s
NBONDS E L E C  ATOM N O E X t e n d e d  N O G R ad  N O Q U a d s  S W I T c h e d  C D I E
E P S  5 0 . 0  VDW VATOM V S W I t c h e d  V D I S t a n c e  -
CUTNB 1 5 . 0  CTOFNB 1 4 . 0  CTONNB 1 1 . 0  WRNMXD 9 9 . 0  WMIN 1 . 5
1 E x c l u d e  H - b o n d i n g  ( P a r a m e t e r  f i l e  d o e s  n o t  i n c l u d e  
1 H - b o n d i n g  p a r a m e t e r s )
HBONDS CUTHB 0 . 5  CTOFHB 4 . 5  CTONHB 4 . 0  CUTHBA 9 0 . 0  CTOFHA 
7 0  CTONHA 5 0  N O A C c e p t o r s  H B N O e x c l u d e
1 C o n s t r a i n  a l l  a - c a r b o n s  a t  0 . 2
c o n s  h a r m  s e l e  t y p e  c a  e n d  c o m p  m a s s  f o r c e  0 . 2
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1 Now r e l a x  t h e  s t r u c t u r e  u s i n g  s t e e p e s t  d e s c e n t s  
I f o l l o w e d  b y  c o n j u g a t e  g r a d i e n t  m i n i m i z a t i o n
m i n i  s d  n s t e p  5 0  n p r i n t  1 0
m i n i  c o n j  n s t e p  9 5 0  n p r i n t  5 0
1 W r i t e  o u t  t h e  n e w  c o o r d i n a t e s  a f t e r  m i n i m i z a t i o n
o p e n  w r i t e  u n i t  3 2  c a r d  n a m e  D Y N _@ 2.M IN  
w r i t e  c o o r  c a r d  u n i t  3 2
* F i n a l  c o o r d i n a t e s ,  m i n i m i z e d ,  0 2 ,  0 . 2  o n  a l p h a - c a r b o n s
d e l e  a t o m  s e l e  a l l  e n d  
g o t o  s t a r t
Appendix B.6. Calculation of Neighboring Atom Displacement Within a 5 A 
Radius of the Substitution Site
* P e r f o r m s  RMS c a l c u l a t i o n s  o n  a  s u b s e t  o f  v a r i a n t  c h a n g e s
1 T h i s  p r o g r a m  c o m p a r e s  a l l  m u t a t i o n s  t o  WTDYN.MIN
1 S e t  w r n l e v  t o  i g n o r e  w a r n i n g s  
b o m l e v  - 1  
i w r n l e v  - 5
o p e n  u n i t  1  r e a d  c a r d  n a m e  T O P H 1 9 . R T F  
r e a d  r t f  c a r d  u n i t  1 
c l o s e  u n i t  1
o p e n  u n i t  2  r e a d  c a r d  n a m e  P A R A M 19. PRM 
r e a d  p a r a m  c a r d  u n i t  2 
c l o s e  u n i t  2
! U s e  a  l o o p  t o  t e s t  s e v e r a l  d i f f e r e n t  
I s t r u c t u r e s  c o n s e c u t i v e l y
s e t  1 0
1 T h e  l o o p  s t a r t s  h e r e
l a b e l  s t a r t  
i n c r e m e n t  1  b y  1
i f  1 e q  1 g o t o  L 87M
i f  1  e q  2 g o t o  F 97M
i f  1 e q  3 g o t o  L 99M
i f  1 e q  4  g o t o  1 1 0 5
i f  1  e q  5 s t o p
l a b e l  L 87M  
s e t  2  L 87 M  
s e t  3 8 7  
g o t o  r o o t
l a b e l  F 97 M  
s e t  2  F 97 M  
s e t  3  9 7  
g o t o  r o o t
l a b e l  L 99M  
s e t  2  L 99M  
s e t  3  9 9  
g o t o  r o o t
l a b e l  1 1 0 5  
s e t  2  1 1 0 5  
s e t  3  1 0 5  
g o t o  r o o t
l a b e l  r o o t
! R e a d  i n  t h e  p r o t e i n  s t r u c t u r e  f i l e  
o p e n  u n i t  3  r e a d  c a r d  n a m e  @ 2 D E L E .P S F  
r e a d  p s f  c a r d  u n i t  3  
c l o s e  u n i t  3
J R e a d  i n  t h e  WT.DYN s t r u c t u r e  t h a t  w a s  f u r t h e r  
1 m i n i m i z e d  a s  a  c o n t r o l  f o r  t h e  m u t a n t s .
c o o r  i n i t
o p e n  u n i t  1 3  r e a d  c a r d  n a m e  WTDYN.MIN 
r e a d  c o o r  c a r d  u n i t  1 3  
c l o s e  u n i t  1 3  
c o o r  c o p y  c o m p
I N ow  r e a d  i n  t h e  m u t a n t  s t r u c t u r e .  WT.DYN w a s  
1 t h e  s t a r t i n g  s t r u c t u r e  f o r  t h e  m u t a t i o n .
c o o r  i n i t
o p e n  u n i t  1 5  r e a d  c a r d  n a m e  D Y N _@ 2.M IN  
r e a d  c o o r  c a r d  u n i t  1 5  
c l o s e  u n i t  1 5
1 S e l e c t  a n y  a t o m s  w i t h i n  5 a n g s t r o m  r a d i u s  o f  t h e  
1 m e t h i o n i n e  s i d e  c h a i n .  T h e n  d e l e t e  t h e  m e t h i o n i n e  
I s i d e  c h a i n  t o  d e t e r m i n e  t h e  e x t e n t  o f  n e i g h b o r i n g  a t o m  
t d i s p l a c e m e n t .
c o o r  o r i e n t  r m s  m a s s  s e l e  -
( ( ( a t o m  * @3 CB . o r .  a t o m  * @3 CG . o r .  -  
a t o m  *  @3 SD . o r .  a t o m  * @3 C E ) -
. a r o u n d .  5 . 0 )  . a n d .  . n o t .  -
( a t o m  * @3 CB . o r .  a t o m  * @3 CG . o r .  -  
a t o m  * @3 SD . o r .  a t o m  * @3 C E )  ) -
e n d
t N ow  d e l e t e  a l l  a t o m s  a n d  r e t u r n  t o  t h e  t o p  
1 f o r  t h e  n e x t  m u t a n t
d e l e  a t o m  s e l e  a l l  e n d
g o to  s t a r t
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Appendix B.7. Molecular Dynamics Analysis of Wild-Type and Replacement 
Mutant Structures
* P e r f o r m  d y n a m i c s  c a l u l a t i o n s  o n  p h a s e o l i n  s t r u c t u r e
o p e n  u n i t  1 c a r d  r e a d  n a m e  t o p h l 9 . r t f  
r e a d  r t f  c a r d  u n i t  1
o p e n  u n i t  1 c a r d  r e a d  n a m e  p a r a m l 9 . p r m  
r e a d  p a r a  c a r d  u n i t  1
t S e t  b o m l e v  t o  i g n o r e  l a r g e  e n e r g y  c h a n g e  i n  d y n a m i c s .
1 S e t  w r n l e v  t o  i g n o r e  w a r n i n g s ,  
b o m l e v  - 5  
1 w r n l e v  - 5
1 S e t  l a b e l  2  t o  t h e  s t r u c t u r e  n a m e  
s e t  2
1 R e a d  i n  t h e  p r o t e i n  s t r u c t u r e  f i l e
o p e n  u n i t  3  r e a d  c a r d  n a m e  @ 2 D E L E .F S F  
r e a d  p s f  c a r d  u n i t  3 
c l o s e  u n i t  3
1 R e a d  i n  t h e  c o n s t r a i n t s  f i l e  t o  k e e p  
! p e p t i d e  b o n d s  t r a n s .
o p e n  u n i t  1 0  r e a d  f i l e  n a m e  @ 2 . CON 
r e a d  c o n s  f i l e  u n i t  1 0  
c l o s e  u n i t  1 0
! R e a d  i n  t h e  s t r u c t u r e  g e n e r a t e d  b y  m i n i m i z a t i o n ,  
c o o r  i n i t
o p e n  u n i t  1 3  r e a d  c a r d  n a m e  @ 2 . MIN 
r e a d  c o o r  c a r d  u n i t  1 3  
c l o s e  u n i t  1 3  
c o o r  c o p y  c o m p
1 S e t  u p  n o n b o n d e d  i n t e r a c t i o n s
NBONDS E L E C  ATOM N O E X t e n d e d  N O G R ad N O Q U a d s  S W I T c h e d  C D I E  -
E P S  5 0 . 0  VDW VATOM V S W I t c h e d  V D I S t a n c e  -
CUTNB 1 5 . 0  CTOFNB 1 4 . 0  CTONNB 1 1 . 0  WRNMXD 9 9 . 0  WMIN 1 . 5
1 E x c l u d e  H - b o n d i n g  ( P a r a m e t e r  f i l e  d o e s  n o t  i n c l u d e  
1 H - b o n d i n g  p a r a m e t e r s )
HBONDS CUTHB 0 . 5  CTOFHB 4 . 5  CTONHB 4 . 0  CUTHBA 9 0 . 0  CTOFHA -  
7 0  CTONHA 5 0  N O A C c e p t o r s  H B N O e x c l u d e
I C o n s t r a i n  a l p h a - c a r b o n s  0 . 2
c o n s  h a r m  s e l e  t y p e  c a  e n d  c o m p  m a s s  f o r c e  0 . 2  
1 P e r f o r m  d y n a m i c s  c a l c u l a t i o n s
1 H e a t  2 . 0  p s ,  e q u i l i b r a t e  3 . 0  p s ,  t h e n  r u n  2 x  1 0  p s  
1 d y n a m i c s
i H e r e  w e  w a r m  t h e  s t r u c t u r e  t o  6 0 0  K o v e r  2 p s  
o p e n  w r i t e  u n i t  5 0  f i l e  n a m e  02W A R M .T R J
o p e n  w r i t e  u n i t  5 1  c a r d  n a m e  @2WARM.ENG
o p e n  w r i t e  u n i t  5 2  c a r d  n a m e  02W A RM .RST
d y n a  v e r l e t  s t r t  n s t e p  2 0 0 0  t i m e s t e p  0 . 0 0 1  -  
i p r f r q  1 0 0 0  i h t f r q  1 0 0  i e q f r q  1 0 0  n t r f r q  1 0 0 0  -  
i u n c r d  5 0  k u n i t  5 1  i u n w r i  5 2  -  
a v e r a g e  i s e e d  3 1 4 1 5 9  -
n p r i n t  5 0  n s a v c  1 0 0  n s a v v  0  i n b f r q  2 0  -  
i h b f r q  0  f i r s t t  0 . 0  f i n a l t  6 0 0 . 0  t e m i n c  3 0 . 0  -  
i c h e c w  1 -
t w i n d h  1 0 . 0  t w i n d l  - 1 0 . 0
1 H e r e  w e  e q u i l i b r a t e  t h e  s t r u c t u r e  
o p e n  r e a d  u n i t  4 9  c a r d  n a m e  @2WARM.RST
o p e n  w r i t e  u n i t  5 0  f i l e  n a m e  0 2 E Q I L . T R J
o p e n  w r i t e  u n i t  5 1  c a r d  n a m e  @ 2 E Q IL .E N G
o p e n  w r i t e  u n i t  5 2  c a r d  n a m e  0 2 E Q I L . R S T
d y n a  v e r l e t  r e s t r t  n s t e p  3 0 0 0  t i m e s t e p  0 . 0 0 1  -  
i p r f r q  1 0 0 0  i h t f r q  0  i e q f r q  5 0 0  -
n t r f r q  1 0 0 0  i u n r e a  4 9  i u n c r d  5 0  k u n i t  5 1  i u n w r i  5 2
a v e r a g e  i s e e d  3 1 4 1 5 9  -
n p r i n t  5 0  n s a v c  1 0 0  n s a v v  0  -
i n b f r q  2 0  i h b f r q  0  f i r s t t  6 0 0 . 0  -
f i n a l t  6 0 0 . 0  t e m i n c  0 . 0  -
t w i n d h  1 0 . 0  -
t w i n d l  - 1 0 . 0
1 H e r e  w e  r u n  1 0  p s  o f  d y n a m i c s  a t  6 0 0  K 
o p e n  r e a d  u n i t  4 9  c a r d  n a m e  @ 2 E Q I L .R S T
o p e n  w r i t e  u n i t  5 0  f i l e  n a m e  @ 2 A N A L 0 2 _ 1 . T R J
o p e n  w r i t e  u n i t  5 1  c a r d  n a m e  @ 2 A N A L 0 2 _ 1 .E N G
o p e n  w r i t e  u n i t  5 2  c a r d  n a m e  0 2 A N A L 0 2 ~ 1 . R S T
d y n a  v e r l e t  r e s t r t  n s t e p  1 0 0 0 0  t i m e s t e p  0 . 0 0 1  -  
i p r f r q  1 0 0 0  i h t f r q  0  i e q f r q  1 0 0 0  -
n t r f r q  1 0 0 0  i u n r e a  4 9  i u n c r d  5 0  k u n i t  5 1  i u n w r i  5 2
a v e r a g e  i s e e d  3 1 4 1 5 9  -  
n p r i n t  5 0  n s a v c  1 0 0  n s a v v  0  -
i n b f r q  2 0  i h b f r q  0  f i r s t t  6 0 0 . 0  f i n a l t  6 0 0 . 0  -
t e m i n c  0 . 0  -
t w i n d h  1 0 . 0  t w i n d l  - 1 0 . 0
! H e r e  w e  r u n  t h e  s e c o n d  1 0  p s  o f  d y n a m i c s  
o p e n  r e a d  u n i t  4 9  c a r d  n a m e  @2A N A L 0 2 _ 1 . R ST
o p e n  w r i t e  u n i t  5 0  f i l e  n a m e  @ 2 A N A L 0 2 _ 2 . T R J
o p e n  w r i t e  u n i t  5 1  c a r d  n a m e  @ 2 A N A L 0 2 _ 2 .E N G
o p e n  w r i t e  u n i t  5 2  c a r d  n a m e  @ 2 A N A L 0 2 _ 2 . R ST
d y n a  v e r l e t  r e s t r t  n s t e p  1 0 0 0 0  t i m e s t e p  0 . 0 0 1  -  
i p r f r q  1 0 0 0  i h t f r q  0  i e q f r q  1 0 0 0  -
n t r f r q  1 0 0 0  i u n r e a  4 9  i u n c r d  5 0  k u n i t  5 1  i u n w r i  5 2
a v e r a g e  i s e e d  3 1 4 1 5 9  -  
n p r i n t  5 0  n s a v c  1 0 0  n s a v v  0  -
i n b f r q  2 0  i h b f r q  0  f i r s t t  6 0 0 . 0  f i n a l t  6 0 0 . 0  -
t e m i n c  0 . 0  -
t w i n d h  1 0 . 0  t w i n d l  - 1 0 . 0
1 Now r u n  5 p s  o f  d y n a m i c s  w h i l e  c o o l i n g  t o  3 0 0 K  
I C o o l  i n  5 0  d e g r e e  i n c r e m e n t s ,  0 . 5  p s  p e r  s t e p
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1 C o o l  t o  5 5 0
o p e n  r e a d  u n i t  4 9  c a r d  n a m e  @ 2 A N A L 0 2 _ 2 .R S T  
o p e n  w r i t e  u n i t  5 0  f i l e  n a m e  @ 2 C O O L 0 1 .T R J  
o p e n  w r i t e  u n i t  5 1  c a r d  n a m e  0 2 C O O L O 1 .E N G  
o p e n  w r i t e  u n i t  5 2  c a r d  n a m e  0 2 C O O L O 1 .R S T
d y n a  v e r l e t  r e s t r t  n s t e p  5 0 0  t i m e s t e p  0 . 0 0 1  -  
i p r f r q  1 0 0  i h t f r q  0  i e q f r q  1 0 0  -
n t r f r q  1 0 0 0  i u n r e a  4 9  i u n c r d  5 0  k u n i t  5 1  i u n w r i  5 2  -  
a v e r a g e  i s e e d  3 1 4 1 5 9  -  
n p r i n t  5 0  n s a v c  1 0 0  n s a v v  0  -
i n b f r q  2 0  i h b f r q  0  f i r s t t  6 0 0 . 0  f i n a l t  5 5 0 . 0  -  
t e m i n c  0 . 0  -
t w i n d h  1 0 . 0  t w i n d l  - 1 0 . 0  
! C o o l  t o  5 0 0
o p e n  r e a d  u n i t  4 9  c a r d  n a m e  0 2 C O O L O 1 .R S T  
o p e n  w r i t e  u n i t  5 0  f i l e  n a m e  @ 2 C O O L 0 2 .T R J  
o p e n  w r i t e  u n i t  5 1  c a r d  n a m e  0 2 C O O L O 2 .E N G  
o p e n  w r i t e  u n i t  5 2  c a r d  n a m e  0 2 C O O L O 2 .R S T
d y n a  v e r l e t  r e s t r t  n s t e p  5 0 0  t i m e s t e p  0 . 0 0 1  -  
i p r f r q  1 0 0  i h t f r q  0  i e q f r q  1 0 0  -
n t r f r q  1 0 0 0  i u n r e a  4 9  i u n c r d  5 0  k u n i t  5 1  i u n w r i  5 2  -
a v e r a g e  i s e e d  3 1 4 1 5 9  -
n p r i n t  5 0  n s a v c  1 0 0  n s a v v  0  -
i n b f r q  2 0  i h b f r q  0  f i r s t t  5 5 0 . 0  f i n a l t  5 0 0 . 0  -
t e m i n c  0 . 0  -
t w i n d h  1 0 . 0  t w i n d l  - 1 0 . 0  
1 C o o l  t o  4 5 0
o p e n  r e a d  u n i t  4 9  c a r d  n a m e  @ 2 C O O L 0 2 .R S T  
o p e n  w r i t e  u n i t  5 0  f i l e  n a m e  0 2 C O O L O 3 . T R J  
o p e n  w r i t e  u n i t  5 1  c a r d  n a m e  0 2 C O O L O 3 .E N G  
o p e n  w r i t e  u n i t  5 2  c a r d  n a m e  0 2 C Q O L O 3 .R S T
d y n a  v e r l e t  r e s t r t  n s t e p  5 0 0  t i m e s t e p  0 . 0 0 1  -  
i p r f r q  1 0 0  i h t f r q  0  i e q f r q  1 0 0  -
n t r f r q  1 0 0 0  i u n r e a  4 9  i u n c r d  5 0  k u n i t  5 1  i u n w r i  5 2  -  
a v e r a g e  i s e e d  3 1 4 1 5 9  -  
n p r i n t  5 0  n s a v c  1 0 0  n s a v v  0  -
i n b f r q  2 0  i h b f r q  0  f i r s t t  5 0 0 . 0  f i n a l t  4 5 0 . 0  -
t e m i n c  0 . 0  -
t w i n d h  1 0 . 0  t w i n d l  - 1 0 . 0
1 C o o l  t o  4 0 0
o p e n  r e a d  u n i t  4 9  c a r d  n a m e  0 2 C O O L O 3 .R S T  
o p e n  w r i t e  u n i t  5 0  f i l e  n a m e  0 2 C O O L O 4 .T R J  
o p e n  w r i t e  u n i t  5 1  c a r d  n a m e  0 2 C O O L O 4 .E N G  
o p e n  w r i t e  u n i t  5 2  c a r d  n a m e  0 2 C O O L O 4 . R ST
d y n a  v e r l e t  r e s t r t  n s t e p  5 0 0  t i m e s t e p  0 . 0 0 1  -  
i p r f r q  1 0 0  i h t f r q  0  i e q f r q  1 0 0  -
n t r f r q  1 0 0 0  i u n r e a  4 9  i u n c r d  5 0  k u n i t  5 1  i u n w r i  5 2  -  
a v e r a g e  i s e e d  3 1 4 1 5 9  -  
n p r i n t  5 0  n s a v c  1 0 0  n s a v v  0  -
i n b f r q  2 0  i h b f r q  0  f i r s t t  4 5 0 . 0  f i n a l t  4 0 0 . 0  -
t e m i n c  0 . 0  -
t w i n d h  1 0 . 0  t w i n d l  - 1 0 . 0
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! C o o l  t o  3 5 0
o p e n  r e a d  u n i t  4 9  c a r d  n a m e  0 2 C O O L O 4 .R S T  
o p e n  w r i t e  u n i t  5 0  f i l e  n a m e  0 2 C O O L O 5 . T R J  
o p e n  w r i t e  u n i t  5 1  c a r d  n a m e  @ 2 C O O L 0 5 .E N G  
o p e n  w r i t e  u n i t  5 2  c a r d  n a m e  @ 2 C O O L 0 5 .R S T
d y n a  v e r l e t  r e s t r t  n s t e p  5 0 0  t i m e s t e p  0 . 0 0 1  -  
i p r f r q  1 0 0  i h t f r q  0  i e q f r q  1 0 0  -
n t r f r q  1 0 0 0  i u n r e a  4 9  i u n c r d  5 0  k u n i t  5 1  i u n w r i  5 2  -
a v e r a g e  i s e e d  3 1 4 1 5 9  -
n p r i n t  5 0  n s a v c  1 0 0  n s a v v  0  -
i n b f r q  2 0  i h b f r q  0  f i r s t t  4 0 0 . 0  f i n a l t  3 5 0 . 0  -
t e m i n c  0 . 0  --
t w i n d h  1 0 . 0  t w i n d l  - 1 0 . 0  
! C o o l  t o  3 0 0
o p e n  r e a d  u n i t  4 9  c a r d  n a m e  @ 2 C O O L 0 5 .R S T  
o p e n  w r i t e  u n i t  5 0  f i l e  n a m e  @ 2 C O O L 0 6 .T R J  
o p e n  w r i t e  u n i t  5 1  c a r d  n a m e  Q 2 C O O L 0 6 .E N G  
o p e n  w r i t e  u n i t  5 2  c a r d  n a m e  0 2 C O O L O 6 .R S T
d y n a  v e r l e t  r e s t r t  n s t e p  5 0 0  t i m e s t e p  0 . 0 0 1  -  
i p r f r q  1 0 0  i h t f r q  0  i e q f r q  1 0 0  -
n t r f r q  1 0 0 0  i u n r e a  4 9  i u n c r d  5 0  k u n i t  5 1  i u n w r i  5 2  -
a v e r a g e  i s e e d  3 1 4 1 5 9  -
n p r i n t  5 0  n s a v c  1 0 0  n s a v v  0  -
i n b f r q  2 0  i h b f r q  0  f i r s t t  3 5 0 . 0  f i n a l t  3 0 0 . 0  -
t e m i n c  0 . 0  -
t w i n d h  1 0 . 0  t w i n d l  - 1 0 . 0
1 N ow  r u n  l O p s  o f  d y n a m i c s  a t  3 0 0 K
o p e n  r e a d  u n i t  4 9  c a r d  n a m e  0 2 C Q O L O 6 .R S T  
o p e n  w r i t e  u n i t  5 0  f i l e  n a m e  0 2 A N A L 3 O O . T R J  
o p e n  w r i t e  u n i t  5 1  c a r d  n a m e  0 2A N A L 3 O O .E N G  
o p e n  w r i t e  u n i t  5 2  c a r d  n a m e  0 2 A N A L 3 O O .R S T
d y n a  v e r l e t  r e s t r t  n s t e p  1 0 0 0 0  t i m e s t e p  0 . 0 0 1  -  
i p r f r q  1 0 0 0  i h t f r q  0  i e q f r q  1 0 0 0  -
n t r f r q  1 0 0 0  i u n r e a  4 9  i u n c r d  5 0  k u n i t  5 1  i u n w r i  5 2  -
a v e r a g e  i s e e d  3 1 4 1 5 9  -
n p r i n t  5 0  n s a v c  1 0 0  n s a v v  0  -
i n b f r q  2 0  i h b f r q  0  f i r s t t  3 0 0 . 0  f i n a l t  3 0 0 . 0  -
t e m i n c  0 . 0  -
t w i n d h  1 0 . 0  t w i n d l  - 1 0 . 0
! R e l a x  t h e  s t r u c t u r e  u s i n g  c o n j u g a t e  g r a d i e n t  
J m i n i m i z a t i o n ,  a l p h a - c a r b o n s  s t i l l  a t  0 . 2
m i n i  c o n j  n s t e p  5 0 0  n p r i n t  5 0
1 W r i t e  a  c o o r d i n a t e  f i l e  f o r  t h e  f i n a l  p o s i t i o n s
o p e n  w r i t e  u n i t  3 2  c a r d  n a m e  @ 2.DYN 
w r i t e  c o o r  c a r d  u n i t  3 2
* F i n a l  c o o r d i n a t e s  f o r  @ 2, c o n s t r a i n e d
* a t  0 . 2  o n  a l p h a - c a r b o n s
*
s t o p
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Appendix B.8. Generation of Coordinates for the Styl Insert
* T h i s  i n p u t  f i l e  g e n e r a t e s  c o o r  f o r  t h e  S t y l  i n s e r t
*
! S e t  b o m b  l e v e l  t o  i g n o r e  w a r n i n g s  
b o m l e v  - 2
o p e n  u n i t  1 r e a d  f o r m  n a m e  T O P H 1 9 . R T F  
r e a d  r t f  c a r d  u n i t  1 
c l o s e  u n i t  1
o p e n  u n i t  2 r e a d  f o r m  n a m e  PA R A M 19. PRM 
r e a d  p a r a m e t e r  c a r d  u n i t  2 
c l o s e  u n i t  2
1 C r e a t e  t h e  i n s e r t
r e a d  s e q u e n c e  c a r d
* S t y l  i n s e r t  s e q u e n c e*
1 6
LEU A S P  MET LYS GLY MET MET ASN LYS A S P  MET PRO MET -  
ASN A S P  S E R
1 G e n e r a t e  t h e  i n s e r t  s e g i d  a s  S T Y I ,  w i t h  n o  p a t c h e s  
! f o r  N a n d  C t e r m
g e n e r a t e  S T Y I  s e t u p  f i r s t  n o n e  l a s t  n o n e
I D e f i n e  c o o r d i n a t e s  o f  a l p h a - c a r b o n s  i n  l o o p  r e l a t i v e  
1 t o  p o s i t i o n  i n  c r y s t a l  s t r u c t u r e .
c o o r  i n i t
r e a d  c o o r  c a r d  f r e e
* P o s i t i o n s  o f  a l p h a - c a r b o n s
*
1 8
1 1 LEU CA 3 2 . 0 1 3 . 0 - 4 . 0 S T Y I 1 0 . 0
2  1 LEU C 3 1 . 5 1 2 . 3 - 5 . 0 S T Y I 1 0 . 0
3 1 LEU N 3 2 . 8 1 3 . 5 - 3 . 7 S T Y I 1 0 . 0
1 0  2 A S P CA 3 5 . 0 1 3 . 0 - 4 . 0 S T Y I 2 0 . 0
1 9  3 MET CA 3 8 . 0 1 4 . 0 - 4 . 0 S T Y I 3 0 . 0
3 2  4 LYS CA 4 1 . 0 1 4 . 0 - 4 . 0 S T Y I 4  0 . 0
3 8  5 GLY CA 4 4 . 0 1 5 . 0 - 4 . 0 S T Y I 5 0 . 0
4 7  6 MET CA 4 7 . 0 1 6 . 0 - 4 . 0 S T Y I 6  0 . 0
5 6  7 MET CA 5 0 . 0 1 6 . 0 - 4 . 0 S T Y I 7 0 . 0
6 7  8 ASN CA 5 1 . 0 1 3 . 0 - 4 . 0 S T Y I 8  0 . 0
7 8  9 LYS CA 5 1 . 0 1 0 . 0 - 1 . 0 S T Y I 9 0 . 0
8 7  1 0 A S P CA 5 0 . 0 7 . 0 - 1 . 0 S T Y I 1 0  0 . 0
9 8  1 1 MET CA 4 7 . 0 6 . 0 - 1 . 0 S T Y I 1 1  0 . 0
1 0 5  1 2 PRO CA 4 4 . 0 7 . 0 - 1 . 0 S T Y I 1 2  0 . 0
1 1 4  1 3 MET CA 4 1 . 0 8 . 0 - 1 . 0 S T Y I 1 3  0 . 0
1 2 5  1 4 ASN CA 3 8 . 0 9 . 0 - 1 . 0 S T Y I 1 4  0 . 0
1 3 4  1 5 A S P CA 3 5 . 0 1 0 . 0 - 1 . 0 S T Y I 1 5  0 . 0
1 4 3  1 6 i S E R CA 3 2 . 0 1 0 . 0 - 1 . 0 S T Y I 1 6  0 . 0
! B u i l d  t h e  m i s s i n g  c o o r d i n a t e s
i c  f i l l  p r e s e r v e  
i c  p a r a m e t e r s  
i c  b u i l d
1 W r i t e  t h e  c o o r d i n a t e  f i l e  f o r  S t y l  i n s e r t
o p e n  u n i t  2 0  w r i t e  c a r d  n a m e  S T Y I .C R D  
w r i t e  c o o r  c a r d  u n i t  2 0
* B e g i n n i n g  c o o r d i n a t e s  f o r  t h e  S T Y I  l o o p  s t r u c t u r e
*
1 W r i t e  t h e  P S F  f i l e  f o r  S t y l  i n s e r t
o p e n  u n i t  3  w r i t e  c a r d  n a m e  S T Y I . P S F  
w r i t e  p s f  c a r d  u n i t  3
* P S F  f o r  S T Y I  l o o p  s e q u e n c e
*
s t o p
e n d
Appendix B.9. Minimization of the Styl Loop Structure
* T h i s  i n p u t  f i l e  p e r f o r m s  m i n i m i z a t i o n  o n  t h e
* S T Y I  i n s e r t ,  1 0 . 0  f o r c e  o n  a l l  a l p h a  c a r b o n s*
1 S e t  b o m b  l e v e l  t o  i g n o r e  w a r n i n g s  
b o m l e v  - 2
o p e n  u n i t  1  r e a d  f o r m  n a m e  T O P H 1 9 .R T F  
r e a d  r t f  c a r d  u n i t  1 
c l o s e  u n i t  1
o p e n  u n i t  2 r e a d  f o r m  n a m e  P A R A M 19. PRM 
r e a d  p a r a m e t e r  c a r d  u n i t  2 
c l o s e  u n i t  2
1 R e a d  i n  t h e  P S F  f i l e
o p e n  u n i t  3  r e a d  c a r d  n a m e  S T Y I . P S F  
r e a d  p s f  c a r d  u n i t  3 
c l o s e  u n i t  3
I R e a d  i n  t h e  p e p t i d e  c o n s t r a i n t s  f i l e
o p e n  u n i t  1 0  r e a d  f i l e  n a m e  S T Y I .C O N  
r e a d  c o n s  f i l e  u n i t  1 0  
c l o s e  u n i t  1 0
1 R e a d  i n  t h e  c o o r d i n a t e s  f o r  t h e  l o o p  
c o o r  i n i t
o p e n  u n i t  1 3  r e a d  c a r d  n a m e  S T Y I .C R D  
r e a d  c o o r  c a r d  u n i t  1 3  
c l o s e  u n i t  1 3  
c o o r  c o p y  c o m p
179
! I m p o s e  a  h a r m o n i c  c o n s t r a i n t  o f  1 0 . 0  o n  
1 a l l  a - c a r b o n  p o s i t i o n s
c o n s  h a r m  s e l e  t y p e  c a  -
e n d  c o m p  m a s s  f o r c e  1 0 . 0
1 S e t  u p  n o n b o n d e d  i n t e r a c t i o n s
NBONDS E L E C  ATOM N O E X t e n d e d  N O G R ad N O Q U ad s  S W I T c h e d  C D I E  -  
E P S  5 0 . 0  VDW VATOM V S W I t c h e d  V D I S t a n c e  CUTNB 1 5 . 0  CTOFNB -
1 4 . 0  CTONNB 1 1 . 0  WRNMXD 9 9 . 0  WMIN 1 . 5
1 E x c l u d e  H - b o n d i n g  ( P a r a m e t e r  f i l e  d o e s  n o t  i n c l u d e  
1 H - b o n d i n g  p a r a m e t e r s ) .
HBONDS CUTHB 0 . 5  CTOFHB 4 . 5  CTONHB 4 . 0  CUTHBA 9 0 . 0  CTOFHA -  
7 0  CTONHA 5 0  N O A C c e p t o r s  H B N O e x c l u d e
m i n i  s d  n p r i n t  2 0  n s t e p  2 0 0
o p e n  u n i t  2 0  w r i t e  c a r d  n a m e  S T Y I . M I N  
w r i t e  c o o r  c a r d  u n i t  2 0
* S T Y I  l o o p  s e q u e n c e  m i n i m i z e d ,  w i t h  p e p t i d e  c o n s t r a i n t s
*
s t o p
Appendix B.10. Insertion of the Styl Loop Sequence into the Phaseolin Structure
* T h i s  i n p u t  f i l e  b u i l d s  t h e  S T Y I  i n s e r t  i n t o  t h e
* p h a s e o l i n  s t r u c t u r e .  C r e a t e s  P S F ,  I C ,  a n d  CRD
* f o r  W T _ S .
*
1 S e t  b o m b  l e v e l  t o  i g n o r e  w a r n i n g s  
b o m l e v  - 2
o p e n  u n i t  1 r e a d  f o r m  n a m e  T O P H 1 9 . R T F  
r e a d  r t f  c a r d  u n i t  1 
c l o s e  u n i t  1
o p e n  u n i t  2 r e a d  f o r m  n a m e  P A R A M 19. PRM 
r e a d  p a r a m e t e r  c a r d  u n i t  2  
c l o s e  u n i t  2
t R e a d  i n  t h e  s e q u e n c e  
r e a d  s e q u  c a r d
* p h a s e o l i n  s e q u e n c e
*
3 9 7
THR S E R LEU ARG GLU GLU GLU GLU SE R GLN A SP ASN PRO
PHE TYR PHE ASN S E R A SP ASN S E R TRP ASN THR LEU PHE -
LYS ASN GLN TYR GLY H I S I L E ARG VAL LEU GLN ARG PHE -
A S P GLN GLN S E R LYS ARG LEU GLN ASN LEU GLU A S P TYR -
ARG LEU VAL GLU PHE ARG S E R LYS PRO GLU THR LEU LEU -
LEU PRO GLN GLN ALA A S P ALA GLU LEU LEU LEU VAL VAL -
ARG S E R GLY S E R ALA I L E LEU VAL LEU VAL LYS PRO A S P -
A S P ARG ARG GLU TYR PHE PHE LEU THR S E R A SP ASN PRO -
I L E PHE SER A S P H I S GLN LYS I L E PRO ALA GLY THR I L E -
PHE TYR LEU VAL ASN PRO A S P PRO LYS GLU A SP LEU ARG -
I L E I L E GLN LEU ALA MET PRO VAL ASN ASN PRO GLN I L E -
H I S GLU PHE PHE LEU SER SER THR GLU ALA GLN GLN S E R -
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TYR LEU GLN GLU PHE SE R LYS H I S I L E LEU GLU ALA SE R -
PHE ASN SE R LYS PHE GLU GLU I L E ASN ARG VAL LEU PHE -
GLU GLU GLU GLY GLN GLN GLU GLY VAL I L E VAL ASN I L E -
A SP S E R GLU GLN I L E LYS GLU LEU SE R LYS H I S ALA LYS -
SE R SE R S E R ARG LYS S E R LEU SER LYS GLN A S P ASN THR -
I L E GLY ASN GLU PHE GLY ASN LEU THR GLU ARG THR A S P -
ASN S E R LEU ASN VAL LEU I L E SER S E R I L E GLU MET GLU -
GLU GLY ALA LEU PHE VAL PRO H I S TYR TYR S E R LYS ALA -
I L E VAL I L E LEU VAL VAL ASN GLU GLY GLU ALA H I S VAL -
GLU LEU VAL GLY PRO LYS GLY ASN LYS GLU THR LEU GLU -
TYR GLU S E R TYR ARG ALA GLU LEU S E R LYS A SP A SP VAL -
PHE VAL I L E PRO ALA ALA TYR PRO VAL ALA I L E LYS ALA -
THR S E R ASN VAL ASN PHE THR GLY PHE GLY I L E ASN ALA -
ASN ASN ASN ASN ARG ASN LEU LEU ALA GLY LYS THR A S P -
ASN VAL I L E S E R S E R I L E GLY ARG ALA LEU A S P GLY LYS -
A S P VAL LEU GLY LEU THR PHE S E R GLY SE R GLY A S P GLU -
VAL MET LYS LEU I L E ASN LYS GLN S E R GLY SER TYR PHE -
VAL A SP ALA H I S H I S H I S GLN GLN GLU GLN GLN LYS GLY -
ARG LYS GLY ALA PHE VAL TYR
1 G e n e r a t e  p h a s e o l i n  a n d  s e t u p  I C  t a b l e s  
g e n e r a t e  p h a s  s e t u p
I D e l e t e  p a r t s  t h a t  a r e  m i s s i n g  f r o m  t h e  X - r a y  d a t a
d e l e t e  a t o m s  s e l e  ( ( r e s i d  1 : 1 0 )  . o r .  ( r e s i d  2 1 3 : 2 1 9 )  -  
. o r .  ( r e s i d  3 8 2 : 3 9 7 )  ) e n d
! R e a d  i n  t h e  c o o r d i n a t e  f i l e  f o r  p h a s e o l i n
c o o r  i n i t
o p e n  u n i t  1 3  r e a d  c a r d  n a m e  WT.DYN 
r e a d  c o o r  c a r d  u n i t  1 3  
c l o s e  u n i t  1 3  
c o o r  c o p y  c o m p
I C r e a t e  t h e  i n s e r t
r e a d  s e q u e n c e  c a r d
* S T Y I  i n s e r t  s e q u e n c e
*
1 6
LEU A S P  MET LY S GLY MET MET ASN LY S A S P  MET PRO MET -  
ASN A S P  S E R
I G e n e r a t e  t h e  i n s e r t  s e g i d  a s  S T Y I ,  w i t h  n o  p a t c h e s  
I f o r  N a n d  C t e r m
g e n e r a t e  S T Y I  s e t u p  f i r s t  n o n e  l a s t  n o n e
1 R e a d  i n  t h e  l o o p  c o o r d i n a t e s ,  m i n i m i z e d  b y  
1 c o n j u g a t e  g r a d i e n t  m i n i m i z a t i o n  a n d  a p p e n d  
1 t h e m  t o  t h e  c o o r d i n a t e  s e t  o f  p h a s e o l i n
c o o r  i n i t  s e l e  s e g i d  S T Y I  e n d  
o p e n  u n i t  1 7  r e a d  c a r d  n a m e  S T Y I . M I N  
r e a d  c o o r  c a r d  a p p e  u n i t  1 7  
c l o s e  u n i t  1 7
i Now d e l e t e  t h e  b o n d  i n  t h e  p h a s e o l i n  s t r u c t u r e  t o  
J a l l o w  p a t c h i n g  o f  t h e  l o o p
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d e l e t e  b o n d  s e l e  a t o m  PHAS 2 8 4  c  . o r .  a t o m  PHAS 2 8 5  n  e n d
1 C r e a t e  b o n d s  t o  c o n n e c t  t h e  l o o p  t o  p h a s e o l i n
p a t c h  l i n k  PHAS 2 8 4  S T Y I  1
p a t c h  l i n k  S T Y I  1 6  PHAS 2 8 5
1 N ow  j o i n  t h e  t w o  s e g i d  t o  m a k e  o n e  s e g m e n t  a n d  r e n u m b e r
j o i n  PHAS S T Y I  r e n u m b e r
r e n a m e  s e g i d  WT_S s e l e  s e g i d  PHAS e n d
o p e n  u n i t  2 0  w r i t e  c a r d  n a m e  W T _ S . P S F  
w r i t e  p s f  c a r d  u n i t  2 0
* P S F  f o r  WT w i t h  S T Y I ,  a l l  u n k n o w n  c o o r  d e l e
*
o p e n  u n i t  3 0  w r i t e  c a r d  n a m e  W T _ S . CRD 
w r i t e  c o o r  c a r d  u n i t  3 0
* S t a r t i n g  c o o r  f o r  WT p a t c h e d  w i t h  S T Y I  i n s e r t
*
s t o p
Appendix B . l l .  Minimization and Low Temperature Dynamics of the Phaseolin- 
Styl Insert Structure
* T h i s  i n p u t  f i l e  p e r f o r m s  m i n i m i z a t i o n  a n d  t h e n
* d y n a m i c s  a n a l y s i s  o n  t h e  p h a s e o l i n  s t r u c t u r e
* a f t e r  i n i t i a l  p a t c h i n g  o f  t h e  S T Y I  l o o p
*
I S e t  b o m b  l e v e l  t o  i g n o r e  w a r n i n g s  
b o m l e v  - 2
o p e n  u n i t  1 r e a d  f o r m  n a m e  T O P H 1 9 . R T F  
r e a d  r t f  c a r d  u n i t  1 
c l o s e  u n i t  1
o p e n  u n i t  2  r e a d  f o r m  n a m e  P A R A M 19. PRM 
r e a d  p a r a m e t e r  c a r d  u n i t  2 
c l o s e  u n i t  2
o p e n  u n i t  3  r e a d  c a r d  n a m e  W T _ S D E L E .P S F  
r e a d  p s f  c a r d  u n i t  3  
c l o s e  u n i t  3
o p e n  u n i t  1 0  r e a d  f i l e  n a m e  W T _ S . CON 
r e a d  c o n s  f i l e  u n i t  1 0  
c l o s e  u n i t  1 0
c o o r  i n i t
o p e n  u n i t  1 3  r e a d  c a r d  n a m e  W T _ S . CRD 
r e a d  c o o r  c a r d  u n i t  1 3  
c l o s e  u n i t  1 3  
c o o r  c o p y  c o m p
1 N ow  c o n s t r a i n  t h e  b a c k b o n e  o f  p h a s e o l i n  
1 e x c e p t  t h e  t w o  a m i n o  a c i d s  f l a n k i n g  t h e  
I l o o p  a n d  t h e  l o o p  i t s e l f .
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c o n s  h a r m  s e l e  ( ( t y p e  c a )  . o r .  ( t y p e  c )  . o r .  ( t y p e  n ) ) -  
. a n d .  . n o t .  ( ( r e s i d  2 6 6 : 2 6 9 )  -  
• o r .  ( r e s i d  3 6 5 : 3 8 0 ) )  e n d  -  
c o m p  m a s s  f o r c e  1 0 . 0
I S e t  u p  n o n b o n d e d  i n t e r a c t i o n s
NBONDS E L E C  ATOM N O E X t e n d e d  N O G R ad N O Q U a d s  S W I T c h e d  C D I E  -  
E P S  5 0 . 0  VDW VATOM V S W I t c h e d  V D I S t a n c e  CUTNB 1 5 . 0  CTOFNB -
1 4 . 0  CTONNB 1 1 . 0  WRNMXD 9 9 . 0  WMIN 1 . 5
1 E x c l u d e  H - b o n d i n g  ( P a r a m e t e r  f i l e  d o e s  n o t  i n c l u d e  
1 H - b o n d i n g  p a r a m e t e r s ) .
HBONDS CUTHB 0 . 5  CTOFHB 4 . 5  CTONHB 4 . 0  CUTHBA 9 0 . 0  CTOFHA -  
7 0  CTONHA 5 0  N O A C c e p t o r s  H B N O e x c l u d e
1 M i n i m i z e  t h e  s t r u c t u r e  w i t h  s t e e p e s t  d e s c e n t s  a n d  
! c o n j u g a t e  g r a d i e n t  m i n i m i z a t i o n
m i n i  s d  n p r i n t  2 0  n s t e p  1 0 0
m i n i  c o n j  n p r i n t  5 0  n s t e p  5 0 0
1 C o n s t r a i n  a - c a r b o n s  f o r  t h e  f o l l o w i n g  d y n a m i c s :
I D o  n o t  c o n s t r a i n  t h e  l o o p  o r  t h e  a d j a c e n t  t w e n t y - o n e  
1 a l p h a - c a r b o n s
c o n s  h a r m  s e l e  t y p e  c a  . a n d .  . n o t .  -
( ( r e s i d  2 6 6 : 2 6 9 )  . o r .  ( r e s i d  3 6 5 : 3 8 0 ) )  -  
e n d  c o m p  m a s s  f o r c e  0 . 2
1 N ow  r u n  m o l e c u l a r  d y n a m i c s  a t  l o w  t e m p e r a t u r e  t o  a l l o w  
! s l i g h t  r e a r r a n g e m e n t  a t  t h e  l o o p  a t t a c h m e n t  s i t e
1 H e a t  0 . 5  p s ,  e q u i l i b r a t e  0 . 5  p s ,  t h e n  r u n  3 p s  d y n a m i c s  a t  1 0 K
1 H e r e  w e  p r e w a r m  t h e  s t r u c t u r e  f o r  0 . 1  p s
o p e n  w r i t e  u n i t  5 0  f i l e  n a m e  W T _S P R E W A R M IN IT . T R J
o p e n  w r i t e  u n i t  5 1  c a r d  n a m e  W T _S P R E W A R M IN IT .E N G
o p e n  w r i t e  u n i t  5 2  c a r d  n a m e  W T _S P R E W A R M IN IT .R S T
d y n a  v e r l e t  s t r t  n s t e p  1 0 0  t i m e s t e p  0 . 0 0 1  -  
i p r f r q  1 0 0 0  i h t f r q  2 i e q f r q  1 0 0  n t r f r q  1 0 0 0  -
i u n c r d  5 0  k u n i t  5 1  i u n w r i  5 2  -  
a v e r a g e  i s e e d  3 1 4 1 5 9  -  
n p r i n t  2 0  n s a v c  5 0  n s a v v  0  i n b f r q  2 0  -  
i h b f r q  0  f i r s t t  0 . 0  f i n a l t  2 . 0  t e m i n c  0 . 0 4  -  
i c h e c w  1 -
t w i n d h  1 0 . 0  t w i n d l  - 1 0 . 0
I H e r e  w e  w a r m  t h e  s t r u c t u r e  
I 2 t o  1 0 ° K  o v e r  . 4  p s
o p e n  r e a d  u n i t  4 9  c a r d  n a m e  W T _ S P R E W A R M IN IT .R S T
o p e n  w r i t e  u n i t  5 0  f i l e  n a m e  W T _ S W A R M IN IT .T R J
o p e n  w r i t e  u n i t  5 1  c a r d  n a m e  W T _SW A R M IN IT . ENG
o p e n  w r i t e  u n i t  5 2  c a r d  n a m e  WT S W A R M IN IT . R ST
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d y n a  v e r l e t  r e s t r t  n s t e p  4 0 0  t i m e s t e p  0 - 0 0 1  -  
i p r f r q  1 0 0 0  i h t f r q  1 0  i e q f r q  1 0 0  n t r f r q  1 0 0 0  -  
i u n r e a  4 9  i u n c r d  5 0  k u n i t  5 1  i u n w r i  5 2  -  
a v e r a g e  i s e e d  3 1 4 1 5 9  -
n p r i n t  5 0  n s a v c  1 0 0  n s a v v  0  i n b f r q  2 0  -
i h b f r q  0  f i r s t t  2 . 0  f i n a l t  1 0 . 0  t e m i n c  0 . 2  -  
i c h e c w  1 -
t w i n d h  1 0 . 0  t w i n d l  - 1 0 . 0
1 H e r e  w e  e q u i l i b r a t e  t h e  s t r u c t u r e
o p e n  r e a d  u n i t  4 9  c a r d  n a m e  W T _ S W A R M IN IT .R S T  
o p e n  w r i t e  u n i t  5 0  f i l e  n a m e  W T _ S E Q I L I N I T . T R J  
o p e n  w r i t e  u n i t  5 1  c a r d  n a m e  W T ~ S E Q I L I N I T . ENG 
o p e n  w r i t e  u n i t  5 2  c a r d  n a m e  W T ~ S E Q I L I N I T . R S T
d y n a  v e r l e t  r e s t r t  n s t e p  5 0 0  t i m e s t e p  0 . 0 0 1  -  
i p r f r q  1 0 0 0  i h t f r q  0  i e q f r q  5 0 0  -
n t r f r q  1 0 0 0  i u n r e a  4 9  i u n c r d  5 0  k u n i t  5 1  i u n w r i  5 2  -
a v e r a g e  i s e e d  3 1 4 1 5 9  -
n p r i n t  5 0  n s a v c  1 0 0  n s a v v  0  -
i n b f r q  2 0  i h b f r q  0  f i r s t t  1 0 . 0  -
f i n a l t  1 0 . 0  t e m i n c  0 . 0  -
t w i n d h  1 0 . 0  -
t w i n d l  - 1 0 . 0
o p e n  r e a d  u n i t  4 9  c a r d  n a m e  W T _ S E Q I L I N I T . R S T  
o p e n  w r i t e  u n i t  5 0  f i l e  n a m e  W T _ S A N A L I N I T .T R J  
o p e n  w r i t e  u n i t  5 1  c a r d  n a m e  W T ~ S A N A L IN IT . ENG 
o p e n  w r i t e  u n i t  5 2  c a r d  n a m e  W T _ S A N A L IN IT . R S T
d y n a  v e r l e t  r e s t r t  n s t e p  3 0 0 0  t i m e s t e p  0 . 0 0 1  -  
i p r f r q  1 0 0 0  i h t f r q  0  i e q f r q  1 0 0 0  -
n t r f r q  1 0 0 0  i u n r e a  4 9  i u n c r d  5 0  k u n i t  5 1  i u n w r i  5 2  -
a v e r a g e  i s e e d  3 1 4 1 5 9  -
n p r i n t  5 0  n s a v c  1 0 0  n s a v v  0  -
i n b f r q  2 0  i h b f r q  0  f i r s t t  1 0 . 0  f i n a l t  1 0 . 0  -
t e m i n c  0 . 0  -
t w i n d h  1 0 . 0  t w i n d l  - 1 0 . 0
I N ow  r e l a x  t h e  s t r u c t u r e  u s i n g  s t e e p e s t  d e s c e n t s
m i n i  s d  n s t e p  5 0 0  n p r i n t  5 0
1 W r i t e  o u t  t h e  c o o r d i n a t e  f i l e
o p e n  w r i t e  u n i t  3 2  c a r d  n a m e  W T _S S D M IN .C H R  
w r i t e  c o o r  c a r d  u n i t  3 2
* F i n a l  c o o r d i n a t e s  f o r  W T _ S ,  a f t e r  d y n  i n i t*
s t o p
e n d
Appendix B.12. Generation of Coordinates for the Helical, Hoffman Insert 
Sequence
* C o n s t r u c t s  t h e  H o f f m a n  h e l i x  b y  e x t e n d i n g
* t h e  l e n g t h  o f  N - H e l i x - 2*
o p e n  u n i t  1 c a r d  r e a d  n a m e  t o p h l 9 . r t f  
r e a d  r t f  c a r d  u n i t  1
o p e n  u n i t  1 c a r d  r e a d  n a m e  p a r a m l 9 . p r m
r e a d  p a r a  c a r d  u n i t  1
1 S e t  b o m l e v  t o  i g n o r e  l a r g e  e n e r g y  c h a n g e  i n  d y n a m i c s  
1 S e t  w r n l e v  t o  i g n o r e  w a r n i n g s  
b o m l e v  - 2  
1 w r n l e v  - 5
i R e a d  i n  t h e  WT p r o t e i n  s t r u c t u r e  f i l e
o p e n  u n i t  3  r e a d  c a r d  n a m e  WTDELE. P S F
r e a d  p s f  c a r d  u n i t  3 
c l o s e  u n i t  3
1 R e a d  i n  t h e  c r y s t a l  c o o r d i n a t e  f i l e  
c o o r  i n i t
o p e n  u n i t  1 3  r e a d  c a r d  n a m e  WT.DYN
r e a d  c o o r  c a r d  u n i t  1 3
c l o s e  u n i t  1 3  
c o o r  c o p y  c o m p
1 D e l e t e  a l l  p a r t s  o f  p h a s e o l i n  e x c e p t  f o r  
1 N - h e l i x - 2  ( f i r s t  e i g h t  o f  n i n e  r e s i d u e s )
d e l e  a t o m  s e l e  . n o t .  r e s i d  1 6 2 : 1 6 9  e n d
! G e n e r a t e  t h e  s e c o n d  h e l i c a l  f r a g m e n t  b y  d u p l i c a t i n g  
I t h e  e i g h t  o f  t h e  n i n e  r e s i d u e s
g e n e r a t e  H I  d u p l i c a t e  WT
1 G i v e  t h e  H I  s t r u c t u r e  t h e  c o o r d i n a t e s  o f  WT
c o o r  d u p l i c a t e  s e l e  a t o m  WT * * e n d  s e l e  a t o m  H I  * * e n d
i N ow  c a l c u l a t e  a  v e c t o r  b e t w e e n  t h e  f i r s t  a n d  l a s t  
I a l p h a - c a r b o n  o f  t h e  WT h e l i x  s e q u e n c e
c o o r  a x i s  s e l e  a t o m  WT 1 6 2  c a  e n d  -
s e l e  a t o m  WT 1 6 9  c a  e n d
! M o v e  t h e  H I  s t r u c t u r e  t h e  d i r e c t i o n  a n d  
I d i s t a n c e  o f  t h i s  v e c t o r ,  s u c h  t h a t  t h e  f i r s t  
I a l p h a - c a r b o n  o f  H I  r e s i d e s  u p o n  t h e  l a s t  a l p h a -  
1 c a r b o n  o f  t h e  i n i t i a l  h e l i x
c o o r  t r a n s  a x i s  s e l e  a t o m  H I  * * e n d
1 N ow  b u i l d  t h e  n e x t  e i g h t  a m i n o  a c i d s  i n  H2
g e n e r a t e  H2 d u p l i c a t e  H I
i G i v e  t h e  H2 s t r u c t u r e  t h e  c o o r d i n a t e s  o f  H I
c o o r  d u p l i c a t e  s e l e  a t o m  H I  * * e n d  s e l e  a t o m  H2 * * e n d
1 C a l c u l a t e  a  v e c t o r  b e t w e e n  t h e  f i r s t  a n d  l a s t  
I a l p h a - c a r b o n  o f  t h e  H I  h e l i x  s e q u e n c e
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c o o r  a x i s  s e l e  a t o m  H I  1 6 2  c a  e n d  -  
s e l e  a t o m  H I  1 6 9  c a  e n d
I M o v e  t h e  H2 s t r u c t u r e  t h e  d i r e c t i o n  a n d  
1 d i s t a n c e  o f  t h i s  v e c t o r ,  s u c h  t h a t  t h e  f i r s t  
1 a l p h a - c a r b o n  o f  H I  r e s i d e s  u p o n  t h e  l a s t  a l p h a -  
1 c a r b o n  o f  t h e  i n i t i a l  h e l i x
c o o r  t r a n s  a x i s  s e l e  a t o m  H2 * * e n d
1 Now b u i l d  t h e  l a s t  t h r e e  p o s i t i o n s  a s  H3
1 F i r s t  b u i l d  t h e m  a l l  a n d  t h e n  d e l e t e  t h e  l a s t
1 o n e s
g e n e r a t e  H3 d u p l i c a t e  H2
1 G i v e  t h e  H3 s t r u c t u r e  t h e  c o o r d i n a t e s  o f  H2
c o o r  d u p l i c a t e  s e l e  a t o m  H2 * * e n d  s e l e  a t o m  H3 * * e n d
1 C a l c u l a t e  a  v e c t o r  b e t w e e n  t h e  f i r s t  a n d  l a s t  
I a l p h a - c a r b o n  o f  t h e  H2 h e l i x  s e q u e n c e
c o o r  a x i s  s e l e  a t o m  H2 1 6 2  c a  e n d  -
s e l e  a t o m  H2 1 6 9  c a  e n d
1 N ow  m o v e  t h e  H3 s t r u c t u r e  t h e  d i r e c t i o n  a n d  
! d i s t a n c e  o f  t h i s  v e c t o r ,  s u c h  t h a t  t h e  f i r s t  
1 a l p h a - c a r b o n  o f  H2 r e s i d e s  u p o n  t h e  l a s t  a l p h a -  
1 c a r b o n  o f  t h e  i n i t i a l  h e l i x
c o o r  t r a n s  a x i s  s e l e  a t o m  H3 * * e n d
1 D e l e t e  t h e  l a s t  5 r e s i d u e s  f r o m  H3
d e l e  a t o m  s e l e  s e g i d  H3 . a n d .  . n o t .  -  
r e s i d  1 6 2 : 1 6 4  e n d
1 D e l e t e  t h e  o v e r l a p p i n g  r e s i d u e s :
1 H I  1 6 2  *
1 H2 1 6 2  *
i H3 1 6 2  *
d e l e  a t o m  s e l e  a t o m  H I  1 6 2  * e n d
d e l e  a t o m  s e l e  a t o m  H2 1 6 2  * e n d
d e l e  a t o m  s e l e  a t o m  H3 1 6 2  * e n d
1 N ow  p a t c h  t h e  p a r t s  t o g e t h e r  t o  m a k e  
I a  s i n g l e  h e l i x
p a t c h  l i n k  WT 1 6 9  H I  1 6 3
p a t c h  l i n k  H I  1 6 9  H2 1 6 3
p a t c h  l i n k  H2 1 6 9  H3 1 6 3
! J o i n  t h e  s e g m e n t s  a n d  r e n u m b e r
j o i n  WT H I  r e n u m b e r  
j o i n  WT H2 r e n u m b e r  
j o i n  WT H3 r e n u m b e r
1 R e n a m e  t h e  h e l i x  HOFF
r e n a m e  s e g i d  HOFF s e l e  s e g i d  WT e n d
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l W r i t e  a  c o o r d i n a t e  f i l e  f o r  t h e  H OFF p o s i t i o n s
o p e n  u n i t  3 0  w r i t e  c a r d  n a m e  H O F F .B L D  
w r i t e  c o o r  c a r d  u n i t  3 0
* S t a r t i n g  c o o r d i n a t e s  f o r  H o f f  i n s e r t
* a l p h a - c a r b o n  p o s i t i o n s
*
s t o p
e n d
Appendix B.13. Insertion of the Helical, Hoffman Sequence into the N-HTH 
Structure of Phaseolin
* B u i l d s  t h e  H o f f m a n  h e l i x  o n t o  t h e
* p h a s e o l i n  s t r u c t u r e
■k
o p e n  u n i t  1  c a r d  r e a d  n a m e  t o p h l 9 . r t f  
r e a d  r t f  c a r d  u n i t  1
o p e n  u n i t  1 c a r d  r e a d  n a m e  p a r a m l 9 . p r m  
r e a d  p a r a  c a r d  u n i t  1
1 S e t  b o m l e v  t o  i g n o r e  l a r g e  e n e r g y  c h a n g e  i n  d y n a m i c s  
1 S e t  w r n l e v  t o  i g n o r e  w a r n i n g s  
b o m l e v  - 2  
! w r n l e v  - 5
1 R e a d  i n  t h e  p r o t e i n  s t r u c t u r e  f i l e
o p e n  u n i t  3  r e a d  c a r d  n a m e  W T D E L E .P S F  
r e a d  p s f  c a r d  u n i t  3 
c l o s e  u n i t  3
1 R e a d  i n  t h e  WT c r y s t a l  c o o r d i n a t e  f i l e  
c o o r  i n i t
o p e n  u n i t  1 3  r e a d  c a r d  n a m e  WT.DYN 
r e a d  c o o r  c a r d  u n i t  1 3  
c l o s e  u n i t  1 3  
c o o r  c o p y  c o m p
1 D e l e t e  t h e  N - h e l i x - 2  f r o m  WT.DYN 
d e l e  a t o m  s e l e  r e s i d  1 6 2 : 1 7 0  e n d  
1 N ow  b u i l d  t h e  H o f f m a n  h e l i x
r e a d  s e q u  c a r d
* H o f f m a n  h e l i x*
2 4
S E R  LY S H I S  I L E  LEU A S P  GLN MET ARG MET MET A S P  -
GLN MET ARG MET MET A S P  VAL LEU GLU ALA S E R  PHE
1 G e n e r a t e  t h e  h o f f m a n  h e l i x  w i t h  n o  a m i n o  o r  
1 c a r b o x y l  e n d s .
g e n e r a t e  H OFF s e t u p  f i r s t  n o n e  l a s t  n o n e
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! R e a d  i n  t h e  H o f f m a n  h e l i x  c o o r d i n a t e s  a n d  a p p e n d  
1 t h e m  t o  t h e  c o o r d i n a t e s  o f  W T . F I X
c o o r  i n i t  s e l e  s e g i d  HOFF e n d  
o p e n  u n i t  1 7  r e a d  c a r d  n a m e  H O F F .M IN  
r e a d  c o o r  c a r d  a p p e  u n i t  1 7  
c l o s e  u n i t  1 7
j * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
I T h e  f o l l o w i n g  c o d e  w a s  i n c l u d e d  i n  a  s e p a r a t e l y  e x e c u t e d  
1 p r o g r a m  t o  g e n e r a t e  a  c o o r d i n a t e  f i l e  w h i c h  i n c l u d e d  t h e  
1 H o f f m a n  h e l i x  t o g e t h e r  w i t h  t h e  w i l d - t y p e  a t o m i c  p o s i t i o n s .  
1 T h i s  s e r v e d  a s  a  c o m p a r i s o n  d a t a  s e t  f o r  p u l l i n g  t h e  
1 w i l d - t y p e  s t r u c t u r e s  b a c k  t o  t h e i r  o r i g i n a l  p o s i t i o n s  a f t e r  
! d i s p l a c e m e n t  t o  a c c o m o d a t e  t h e  H o f f m a n  h e l i x .
1
1 j o i n  WT H OFF r e n u m b e r  
1
1 r e n a m e  s e g i d  WT_H s e l e  s e g i d  WT e n d  
i
1 o p e n  u n i t  2 0  w r i t e  c a r d  n a m e  W T _ H 1 9 3 . CRD 
1 w r i t e  c o o r  c a r d  u n i t  2 0
1 * WT w i t h  H o f f m a n  h e l i x ,  w i t h  t h e  r e s t  o f  WT 
1 * i n  t h e  o r i g i n a l  c r s t a l  p o s i t i o n s
J * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
1 C o m p u t e  a  v e c t o r  b e t w e e n  t h e  a l p h a - c a r b o n  
1 o f  r e s i d u e  9  a n d  2 4  o f  H OFF h e l i x
c o o r  a x i s  s e l e  a t o m  HOFF 9 c a  e n d  -  
s e l e  a t o m  HOFF 2 4  c a  e n d
! M o v e  t h e  WT s t r u c t u r e  a f t e r  N - h e l i x - 2  a l o n g  
1 t h i s  v e c t o r  t o  p r o v i d e  a m p l e  r o o m  f o r  
1 i n s t a l l a t i o n  o f  t h e  H o f f m a n  h e l i x .
c o o r  t r a n s  a x i s  s e l e  s e g i d  WT . a n d .  -  
r e s i d  1 7 1 : 2 1 2  e n d
1 N ow  p a t c h  t h e  H o f f m a n  h e l i x  o n t o  t h e  
1 p h a s e o l i n  s t r u c t u r e
p a t c h  l i n k  WT 1 6 1  H OFF 1
p a t c h  l i n k  H OFF 2 4  WT 1 7 1
j o i n  WT H OFF r e n u m b e r
r e n a m e  s e g i d  WT_H s e l e  s e g i d  WT e n d
o p e n  u n i t  2 0  w r i t e  c a r d  n a m e  W T _ H D E L E .P S F  
w r i t e  p s f  c a r d  u n i t  2 0
* P S F  f i l e  f o r  WT w i t h  H o f f m a n  h e l i x
*
1 W r i t e  t h e  c o o r d i n a t e  f i l e  f o r  t h e  
! m u t a n t  s t r u c t u r e
o p e n  u n i t  2 5  w r i t e  c a r d  n a m e  W T_H .C R D  
w r i t e  c o o r  c a r d  u n i t  2 5
* S t a r t i n g  c o o r d i n a t e s  a f t e r  p a t c h i n g  HOFF
* o n t o  p h a s e o l i n .  R e s i d u e s  1 7 2  t o  2 1 2  a r e
* d i s p l a c e d .
*
s t o p
APPENDIX C
PLASMID MAPS OF VECTOR CONSTRUCTION
Digest Spel/SacI 
Purify by glass powder 
Anneal oligo PSP-26 
Synthesize opposite strand using 
site-directed mutagenesis conditions 
Ligate.















Cut with Xbal and Spel 
Isolate vector 





Appendix C.2. Construction of pEP (Engineering Plasmid - Has Unique Internal 
EcoRI, PstI, Styl, and Spel Sites)
EcoRI PstI
EcoRI Nsil
pBluescript KS- J C pPhcDNA31
EcoRI Nsil/PstI
Transfer the EcoRI/Nsil fragment 
from pPhcDNA31 to pKS-
Hindin EcoRI
C pKS-1.3 J  C pJ12PB
Transfer the Hindlll/EcoRI 




Transfer the Hindlll/BamHI 
fragment from pKS-1.6 to
pKS-XS-
Hindin Bgffl
  i ___
BamHI
pEP°
Remove 5' end of promoter by 
cutting with Hindlll/Bglll 





1. The EcoRI, PstI, Xbal, and Spel sites in the phaseolin 
cDNA are unique.
2. 5' end of polylinker has pKS- sites from Kpnl to 
Xhol.
3. 3' end of polylinker has sites from Smal to SacI, 
however the Spel and Xbal sites have been eliminated.
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Appendix C.3. Site-Directed Mutagenesis of the Phaseolin cDNA (Introduction 













Use three primers to make 
BspEI, BssHII, BstEII sites 
Check by restriction and sequence
BspEI BssHII BstEII














Transfer the EcoRI/PstI fragment 
from pEX-B to pEP
T
EcoRI BspEI PstI









Isolate 300 bp band 





Introduce Nhel site by site- 
directed mutagenesis using 










Digest PstI, CIAP treat
Add oligos at 1:(2)6 ratio. Vector is 200ng in lOul
Anneal from 65 to 7 degrees C
Add ligation buffer, ligate o/n at 12 C
Pst Oligos:
PSP 16 - Common insert 
PSP 17 - Pst adapt 1 
PSP 18 - Pst adapt 2 
PSP 19 - Pst adapt 3 
PSP 30 - Pst adapt 4 






t  ' ............  '
pSSac IN )
Digest PstI, CIAP treat
Add oligos at l:(2)g ratio. Vector is 200ng in lOul
Anneal from 65 to 7 degrees C
Add ligation buffer, ligate o/n at 12 C
SacI S S SacI
, ^ 7 ________________
pSSac INsty
Styl Oligos:
PSP 16 - Common insert 
PSP 23 - Sty adapt 1 
PSP 24 - Sty adapt 2 
PSP 25 - Sty adapt 3 
PSP 34 - Sty adapt 4 








Digest Xbal, CIAP treat
Add oligos at 1:(2) ratio. Vector is 200ng in lOul
Anneal from 65 to 7 degrees C
Add ligation buffer, ligate o/n at 12 C
Xbal Oligos:
PSP 16 - Common insert 
PSP 20 - Xba adapt 1 
PSP 21 - Xba adapt 2 
PSP 22 - Xba adapt 3 
PSP 32 - Xba adapt 4 












S  Transfer the SacI/SacI fragment 
from pSSac-INsty to pEP
Styl
_ SacI 




SacI   _ SacI
 ,  ,
pTAM-Sty
Transfer the EcoRI/Xbal fragment 
from pEX-3B to pEP-lNsty
\
Digest with Styl to liberate insert 
Ligate vector portion
BspEI BssHU BstEII Nhel









 5 Z _
pKS-Pst









pTAM-PPS J C pTAM-PS
Digest with Styl 
Ligate vector portion




















Appendix C.5. Reconstruction of the 5’ End (Removal of Signal Sequence; 
Transfer to pMal-cRI E. coli Expression Vector)
Signal peptide
Strategy: cleavage site
* MET GLU PHE THR SER LEU ARG SER
C C C C C ITCGA GCC ATG GAA TTC ACT TCA CTl C CGG AGC 
GGGGG AGCT|CGG TAG CTT AAG TGA AGT GA G GCE TCG
Xhol site of Ncol EcoRI BspEI of cDNA
polylinker |_______ j
New sites
* The boxed sequences represent two synthetic oligonucleotides. 
(PSP-40,41)
Xhol Hind/Bglll B1 B2 B3 N Nsi/Pst
i .
B1 - BspEI 
B2 - BssHII 
B3 - BstEII 
N - Nhel
T
Cut pTAM with XhoI/BspEI, isolate vector 
Anneal and ligate synthetic oligos into vector 
Map with the Ncol site









Transfer the BspEI/BamHI fragment 









Transfer EcoRI/BamHI fragment 










■n, I  ,
pKS-3B J
Digest BspEI/PstI 
Isolate vector part 
Anneal and ligate fragment I
Digest with Clal/PstI 
Isolate vector part 





















in  ii i
Clal Styl PstI BspEI
C pKS3B-I/II/III
in ii
Clal Styl PstI BspEI
pKS3B-II/m







Digest with Clal/BspEI 
(Only BspEI in pMat-2)
Three fragment ligation into pMat-2
i ii in  iv
B P S C B
pMat-21
B - BspEI 
P - PstI 
S - Styl 
C - Clal
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Digest pKS- with Smal/CIAP 
Isolate vector
Anneal N-term oligos 90 - 65 C 





Clone 14 was correct between 
PstI and BstEII (N3M)
Subclone Pstl/BstEII fragment 
to pMat-2 to give pMat-11
Clone 1 is correct from 
BssHII to BstEII, but was 
missing an ATG codon. 
Introduce ATG with site- 
directed mutagenesis to 









Transfer the BssHII/BstEII fragment 
from pKS-NlOM to pMat-2
BssHII PstI BstEII BamHI
pMat-12 (N10M)
PstI
Swap Pstl/BamHI fragment with 









Digest with Spel/Styl 
Isolate vector
Anneal C2A and C2B 90 - 65 C 
Clone into pSSac-IN
Digest with Styl/Nhel 
Isolate vector

























pTAM-ClOM was cut with Spel/Nhel and religated to give the 
reverse orientation negative control.


































Transfer the EcoRI/Xbal fragment from 
pMat-12 to pMat-15
EcoRI Xbal 






Transfer the EcoRI/BssHII fragment from 
pMat-20 to pMat-17
f pMat-23 (large + NC20)
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Large + max loops:
EcoRI BssHII
pMat-21
I ' "I '
EcoRI BssHII
pMat-7
Transfer the EcoRI/BssHII fragment from 
pMat-20 to pMat-7
3 Z
pMat-22 (large + loops)













_ 5 Z _ S Z _
pTAM-PS
Transfer Styl insert from pTAM-PS 
to pTAM-ClOM
Xbal Styl BamHI PstI Xbal BamHI
 ~ l l
pT AM-C1 OM-Sty pMat-12-Pst
Transfer the Xbal/BamHI fragment from 
pTAM-ClOM to pMat-12-Pst




PstI Xbal Styl BamHI 
pMat-20





SEQUENCES OF SYNTHETIC OLIGONUCLEOTIDES
Oligo Mutation Sequence
PSP-12 BspEI site ACTTCACTCCGGAGCGAGGAAGAGAGC
PSP-13 BssHII site TAGTGGGAGCGCGCTACTCGTCTTGG
PSP-14 BstEII site TCTATTTGGTTACCCCTGATCCCAA
PSP-15 Nhel site CCATCAAGGCTAGCTCCAACGTGAA
PSP-16 Common insert AAAGGAATGATGAACAAAGATATGCCAATGAAC
PSP-17 PstI adapt 1 CATCATTCCTTTCATATCTGCA
PSP-18 PstI adapt 2 GAATCGTTCA
PSP-19 PstI adapt 3 GATTCTGCA
PSP-20 Xbal adapt 1 CTAGATATG
PSP-21 Xbal adapt 2 CCTTTCATAT
PSP-22 Xbal adapt 3 CTAGATCGTTCATTGGCAT
PSP-23 Styl adapt 1 CTTGGATATG
PSP-24 Styl adapt 2 TCCTTTCATATC
PSP-25 Styl adapt 3 CAAGGAATCGTTCATT
PSP-26 Custom linker CTAGTGCGCGCTCCGGAGGTTACCGAGCT
PSP-30 PstI adapt 4 GATATG
PSP-31 PstI adapt 5 TTGGCATATCTTTGTT
PSP-32 Xbal adapt 4 ATCTTTGTTCATCATT
PSP-33 Xbal adapt 5 GAT
PSP-34 Styl adapt 4 GGCATATCTTTGTTCATCAT
PSP-35 Styl adapt 5 GATTC
PSP-40 Mature (1) TCGAGCCATGGAATTCACTTCACT
PSP-41 Mature (2) CCGGAGTGAAGTGAATTCATGGC
PSP-46 N-barrel (1) GGAGCGCGCTGCTCGTCATGGTGAAACCTGATGATCG-
CAGAGAGTACATGTTCATGACGAGCGATAACCCGATGAT
PSP-47 N-barrel (2) AGGGGTAACCATATACATCATGGTTCCTGCAGGCATT-
TTCATGTGATCAGACATCATCGGGTTATCGCTCGTCATG
PSP-56 N-barrel (3) AACATGTACTCTCTGCGATCATCAGGTTTCACCATGAC-
GAGCAGCGCG
PSP-57 N-barrel (4) GTCTGATCACATGAAAATGCCTGCAGGAACCATGATGT-
ATATGGTTAC
PSP-62 Hoffman (1) CTAGACCAGATGAGAATGATGGACCAGATGAGGATGAT-
GGACGTC
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John was bom on February 15, 1966 in New Brighton, Pennsylvania. He 
grew up in Kenner, Louisiana, which is located in the metropolitan area of New 
Orleans. His father, Dr. Robert F. Dyer, is a Professor of Anatomy at the Louisiana 
State University Medical Center. His mother, Joanne, is a retired school teacher, who 
taught Kindergarten and Elementary school for over twenty years.
Early exposure to the medical school environment stimulated John’s interest 
in science. However, as he grew up, his parents encouraged him to experience many 
different facets of life. In particular, he became very active in sports and music. 
These were activities that he shared with his brothers, Rob and Derek.
John attended Louisiana Tech University from the fall of 1984 to 1988, 
where he was originally enrolled as a pre-medical student. However, his desire to 
understand physiological processes at the molecular level shifted his interests from 
pre-medicine to biochemistry and genetics. He became very interested in studying the 
structure-function relationships of proteins.
As a result, he pursued a Ph.D. in Biochemistry at Louisiana State 
University. Under the direction of Dr. Norimoto Murai, he developed a protein 
engineering strategy to enhance the nutritional quality of common beans. While in 
graduate school, John met and fell in love with Tammi Conerly, who soon became his 
wife.
In addition to graduating with a 4.0 grade point average, John received 
several awards including a USDA fellowship, the Allen Award for outstanding 
graduate student in Biochemistry, and first place for an oral presentation at the
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Southern Section - American Society of Plant Physiologists meeting. He published 
4 manuscripts in refereed journals and currently has a fifth manuscript under review.
John has accepted a postdoctoral position with Dr. Joel Goodman, who is an 
Associate Professor of Pharmacology at the University of Texas Southwester Medical 
Center at Dallas. He will try to elucidate structural properties of proteins that are 
required for proper transport to peroxisomes.
John’s lifetime goal is to create a broad discipline that merges the realm of 
molecular biology with histology. Complete knowledge of the molecular mechanisms 
of tissue function will greatly enhance our ability to cure some of societies most 
devastating diseases. However, his personal goal is to have a family of his own, 
hopefully one as rich in love and experience as the one he grew up in.
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